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(ii) 
S U M M A R Y 
The interaction of carbon monoxide and hydrogen on silica 
supported nickel, cobalt, and iron catalysts was studied using infrared 
spectroscopy. The products occurring in the gas phase, as well as 
spectra of adsorbed CO surface species in the frequency range 2300 -
1700 cm-l for different order of addition of the two reactants was 
examined. Bulk powdered samples and conventional thin transparent 
sample discs were used to study either the products in the gas phase 
or the adsorbed CO species respectively. It was found that : 
(a) for nickel catalysts. 
(i) -1 The bands found at 2080 cm (on CO preadsorption), and at 
-1 
2074 cm (on H2 preadsorption and on treatment with a CO/H2 mixture), 
can be assigned to co-adsorbed surface species having the structures 
Ni(CO)X and HZ Ni(CO)y respectively, where 4 > X > Y > 1, Z ~ 1. 
(ii) The band attributed to linearly held adsorbed CO, either at 
-1 
2080 cm when at room temperatures or at lower frequencies on evacuation 
or heating, was correlated with methane formation. Previously only 
"bridged" CO ligands were thought to be responsible. 
(iii) 
-1 
A band which occurred at 2055 cm was correlated with the 
formation of Ni(C0)4. It was found that gaseous Ni(C0)4 was formed 
rapidly at room temperatures when only CO was present or providing the 
catalyst was pretreated with CO prior to the addition of H2. 
(iv) Heating the system caused bands attributed to adsorbed CO to shift 
to lower frequencies. On cooling, the frequency shift occurred in the 
opposite direction but followed a different path, i.e., as the 
(iii) 
distribution obtained at the higher temperatures persisted the adsorbed 
CO was considered to become "frozen". On further heating and cooling 
this shift became temperature reversible. The "frozen" CO was attributed,· 
in part, to a side reaction in which C02 was formed. The co2 effectively 
prevented the adsorption of more than one CO ligand per metal site. 
(v) Methane was formed at temperatures above 190 ± s0 c, slightly lower 
than that found for cobalt (195 - 21s 0 c) and iron catalysts (>22o0 c), 
when all these catalysts were subjected to similar experimental 
conditions. 
(vi) A by-product, co2 , was formed providing CO had been preadsorbed 
prior to the addition of H2• This suggested that different "active" 
sites became available, and its formation was considered to proceed 
via either a carbide or surface oxygen species. The lower formation 
temperature limit (about l00°C) for C02 corresponded closely with the 
temperature of dissociation of CO. 
(b) for cobalt catalysts. 
(i) Cobalt displayed a degree of "activity" in between that shown by 
nickel and iron. This was reflected in the main infrared band ascribed 
to linearly held CO ligands which decreased in frequency across the 
series Fe, Co, Ni. 
(ii) A reversible band frequency shift was observed for CO on cobalt 
under varying conditions according to the equation: 
d 
. . -1 





(iii) The multiplicity and frequencies of infrared bands given by CO 
chemisorbed onto Co/Si02 catalysts can be explained in terms of the 
CO : metal ratio, whereas only their shape is dependent on "external" 
forces such as ligand-ligand interactions, metal to metal distances, 
and the nature of the adsorption sites, e.g., planes, corners, and 
edges. The interpretation included bridged CO ligands, as the lower 
the CO frequency the lower the CO : metal ratio; and could also be 
applied to CO on nickel catalysts. The bands found above 2000 cm-l 
were attributed to the species M(CO)Z' M(CO)y, and M(CO)X corresponding 
-1 
to the frequencies 2060, 2034, and 2022 cm respectively, and where 
Z > Y > X :;;:::l. Evidence to support this hypothesis was obtained by 
varying the CO pressure, evacuation, temperature effects, and the 
addition of H2• For example, the expected equilibria were given on 
varying the CO pressure, namely : 
(iv) A band observed at 2181 cm-l was attributed to weakly chemi-
sorbed CO with some CO existing in a physisorbed state. The chemi-
sorbed species was considered to be adsorbed onto cobalt oxide surfaces. 
-1 
Similar conclusions were reached for the 2169 cm band given by CO 
on iron. 
(v) Evidence showed that linear CO groups were involved in methane 
formation, similar to that found for nickel catalysts. Methane form-
ation was dependent on both time and temperature. Also an intermediate 
complex, formed between M - CO and H2 was considered to be stable within 
the temperature range 125 - 195°c. 
(v) 
(c) for iron catalysts. 
(i) Iron catalysts showed a tendency to chain propagation, forming 
ethane and propane in much larger amounts than were formed on nickel 
and cobalt. 
(ii) The preadsorption of hydrogen prevented chain propagation from 
occurring, either by co-adsorption or by blocking specific adsorption 
sites. 
(iii) Fe/Cu catalysts prepared from the nitrates were more "active" 
than iron catalysts prepared from the nitrate or acetate. Catalytic 
activity was of the order: 
> Fe (ac.) > 
Longer reduction times and higher temperatures increased catalytic 
activity. 
(iv) A band at 2030 cm-1 was assigned to linear CO chemisorbed species 
which were firmly held on the metal surface. 
(vi) 
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Catalysis has become very important .as a stage of process 
in a large percentage of manufactured goods 1 • Consequently the nature 
of the catalyst and catalytic processes have been the source of 
extensive study for many years. A catalyst can be defined as a sub-
stance which increases the rate of attainment of equilibrium in a 
reacting system without causing any alteration in the free energy 
changes involved. It achieves this by becoming temporarily involved 
in the reaction. The effect of a catalyst has been found to be a 
kinetic one and not a thermodynamic one, which not only lowers the 
activation energy of a reaction2 but also determines which path is 
taken. 
There are two systems in catalysis: (i) homogeneous 
catalysis, in which the catalyst and reactants are in the same phase, 
and (ii) heterogeneous or contact catalysis, whereby the catalyst is 
in a different phase from the reactants. Many of the important 
industrial catalytic processes employ heterogeneous catalysts and 
these may be divided into two groups; (a) metals of the transition 
series; and (b) non-metals, which can be classified under the sub-
headings, semiconductors, and insulators. Heterogeneous catalysis 
chiefly involves chemisorption of the adsorbate onto the adsorbent, 
i.e. the formation of chemical bonds between the two phases. This 
is accompanied by a loss or decrease in entropy, and also a decrease 
- 2 -
in free energy. Hence, from the Second Law of thermodynamics given 
by ll.G = llH - TllS, it follows that the process of adsorption is 
exothermic3. Sorrie interesting aspects of the chemisorption of gases 
by transition metals are given below: 
1. Chemisorption is usually an 'activated' process proceeding at 
a finite rate4 which in turn increases with temperatures. 
2. Chemisorption is specific, i.e. it can be expressed as a 
function of the chemical properties of both adsorbent and 
adsorbate. Frequently heterogeneous catalysts are specific for 
particular groups of reactions. 
3. Only monolayer thickness of the adsorbate is attained, and 
the fraction of the surface covered is large even at low 
pressures6'7. 
4. As the nurriber of gas molecules adsorbed increases the fraction 
of the surface covered increases and the heat of adsorption, 
llH decreases8• This is considered to be due in part to ads. 
'active' spots or centres on the surface which adsorb preferent-
ially, indicating the heterogeneity of the surface9-ll. 
There are three chief factors which influence catalytic 
activity, namely: 
a) the geometric factor; 
b) the electronic factor; 
c) the effect of imperfections, or 'active centres' on the 
surface. 
These have been dealt with elsewherel 2 - 21 , but will nevertheless play 
an important part in this work. A heterogeneous catalytic reaction 
can be represented syrribolically22 : 
A 








Thus the situations that arise and which can be studied are: 
(1) the transition from state A to B; (2) the identification 
of the chemisorption complexes, their reactivity and role in the 
particular catalytic reaction; (3) the reaction mechanism going 
from state B to C; and (4) the liberation of the reaction products 
from the surface or their stability on the surface. Infrared spectro-
scopic methods may provide information on the chemisorption complexes, 
( 2). 
The obje_ctive in catalysis research is to understand the 
phenomenon of catalysis to the extent that catalysts can be 'tailor-
made' to meet specific requirements. The elucidation of mechanisms 
in catalysed reactions is of considerable importance, and infrared 
spectroscopy has been of great value in observing the interactions 
and perturbations that occur at the surface during adsorption. Of 
particular interest is the reaction of carbon monoxide artd hydrogen 
on an iron catalyst in the synthesis of paraffinic and olef inic 
hydrocarbons, known as the Fischer-Tropsch process23. Nickel and 
cobalt catalysts were used initially because of their known 'activity' 
in hydrogenation reactions 1 07,23. Now iron catalysts are used, being 
less expensive, but the process does require medium industrial 
pressures of 15 - 20 atmospheres. Several mechanisms have been 
proposed for this process23-26 , based on studies using heterogeneous 
catalysts. Ferreira27 ' 28 studied this process using infrared tech-
niques; however, several problems remain unsolved, for this and 
analogous systems. 
- 4 -
1.2 MOLECULAR BONDING IN CARBON MONOXIDE AND METAL CARBONYLS. 
Carbon monoxide chemisorbed onto d-group transition metals 
forms complexes which are closely related to those of metal carbonyl 
compounds. The infrared spectra of CO and other small molecules on 
specific metals will be discussed in the literature review, Chapter 2. 
However, a brief description will be given here of the molecular 
bonding in the CO molecule and metal carbonyls together with their 
infrared spectra. 
A characteristic of d-group transition metals is their 
ability to form complexes with neutral molecules, e.g. CO, and molecules 
with delocalised TI orbitals such as. pyridine. Various types of complex 
exist from binary molecular compounds, e.g. Cr(C0)6 , to mixed species, 
e.g. Co(C0)3NO, to complex ions, e.g. [Fe(CN)5C0] 3-. 
Usually the metal atoms are in a low positive, zero, or 
low negative oxidation state. Consequently donor atoms of the ligands 
stabalise these low oxidation states via their vacant orbitals in 
addition to lone pairs of electrons. The vacant antibonding ligand· 
orbitals accept electron density from filled metal orbitals forming 
a TI bond which supplements the a bond arising from lone-pair donation, 
i.e. high electron density on the metal atom (of necessity in low 
oxidation states) can be delocalised onto ligands. This ability of 
ligands to accept electron density into low-lying empty TI orbitals 
can be called 1 TI acidity', where acidity is used in the Lewis sense. 
The most important TI acceptor ligand is CO, and many of its complexes 
are not only of structural interest, but are also important in industry 
in catalytic reactions. Furthermore, CO acts as a weak donor ligand 
- 5 -
to the metal by forming very weak dative bonds, which can be represented 
by the structure, 0 
The multiple nature of the metal carbonyl bond is shown 
diagramatically3D: 
(1) 
formation of a carbon to metal a-bond using an unshared electron pair 




M :c :=::o: 
0 0 
formation of a metal to carbon n-bond. 
This bonding mechanism is synergic, since the drift of 
metal electrons into CO orbitals will tend to make the CO negative and 
hence increase its basicity via the a orbital of carbon; at the same time 
- 6 -
the drift of electrons to the metal in the a bond tends to make the 
CO positive, thus enhancing the acceptor strength of the TI orbitals. 
Thus the effects of a a bond formation strengthen the TI bonding and 
vice versa. Dipole moment studies indicate that the moment of an M-C 
bond is very low, about O,SD, suggesting a close approach to electro-
neutrality. 
Evidence for the above is given by bond lengths3 1 and infra-
red spectroscopy. Changes in the metal to carbon bonding can be in-
ferred and correlated from infrared spectra, and the molecular structure 
can be determined from the frequency position of the absorption 
bands together with the number and relative intensities of these bands32. 












Examples of compounds which possess terminal groups are 
nick~l tetracarbonyl, Ni(C0)4, and chromium hexacarbonyl, Cr(C0)6, 
which show bands in the infrared at frequencies of 2057 and 1986 cm-l 
respectively. A polynuclear carbonyl containing bridged and terminal 
carbonyl groups is iron enneacarbonyl, Fe2(C0)9. For this compound 
-1 
infrared bands are found at frequencies 2082, 2019, and 1829 cm • 
The two bands at higher frequencies can be attributed to active modes 
for the six terminal ligands, and the low frequency band to one active 
- 7 -
mode for the three bridging groups. The validity of the theory that 
-1 
all low frequency bands, i.e. those found below 2000 cm , are due 
solely to bridging groups was questioned by Cotton and Wilkinson 
in 195733, and further data 34- 4 0 provided evidence which can be 
summariseG as follows: 
-1 . 
Bands appearing above 2000 cm in the infrared spectra 
of metal carbonyls usually belong to terminal groups, and those below 
-1 
2000 cm may be attributed to 'bridged' species or may"arise from the 
following: (1) a combination band of other fundamentals, which may 
be enhanced in intensity by Fermi resonance with a fundamental carbonyl 
mode; (2) the presence of a formal negative charge on the carbonyl; 
(3) the presence of electron-donor substituents, or substituents 
which will not engage in ~-bonding with the metal. 
1.3 THE USE OF INFRARED SPECTROSCOPY IN THE STUDY OF ADSORBED 
MOLECULES. 
Surface properties differ from bulk properties due to the 
nature of the crystalline surface. Surface atoms, unlike internal 
atoms, have an asymmetrical distribution of forces which do not exist 
in a state of maximum entropy, This state can be relieved either by 
rearrangement of the surface atoms or by adsorption onto the surface 
of foreign substances. Thus the surface forces must change the 
symmetry of an adsorbed molecule. Minor variations in the character-
istic vibrational frequencies of an adsorbed molecule arise from 
local differences in molecular environment, and these quantitative 
changes can be detected by the change in the molecule's infrared 
- 8 -
spectrum. 
Therefore infrared techniques have proved extremely use-
ful in observing small molecules adsorbed onto metal surfaces. Data 
has been provided for the elucidation of structures of complexes; 
and mechanisms for catalytic processes can be predicted with reason-
able accuracy. Furthermore, the use of infrared spectroscopy has 
since led to several theories on the prediction of catalytic activity. 
Mayers (1958) 41 proposed the concept of 'matching vibrations'. 
This was based on the assumption that if the frequency of the bond 
that must be broken to initiate catalytic reactivity is similar to 
that of the bond formed between the catalyst and reactant then a 
transfer of energy takes place readily and catalytic activity is 
observed. Thus the vibrations most likely to cause correct fragment-
ation in product formation have almost identical frequencies. 
The theory of 'intermedions' was proposed by Gardner and 
Petrucci (1960) 42 ' 43, from infrared data of CO adsorbed on various 
metals. The possibility that an intermediate in electronic structure 
existed between the species COf and CO+ was examined. They ree . 
modified a concept, first proposed by Wolkenstein44 , stating that 
an electron-transfer mechanism occurs on adsorption in which the 







Hence n, which has a value <l, was considered a property of the metal // 
adsorbent and known as the 'polarisation fraction'. 
The following relationship was shown45,46 between vibration-
al frequency of some adsorbed CO species and the number of valance 
- 9 -
electrons: 
[2269,96 ± v(C0)][12,1182 - E(CO)] = -1 268,31 cm 
where E(CO) is the number of valance electrons, and v(CO) the 
vibrational frequency of the CO species. Values of E(CO) were cal-
culated using observed v(CO) values of CO adsorbed onto various metals, 
and so assigned either to 'intermedions' or carbonyls. 1 Intermedions 1 
were assumed to be the species responsible for catalytic activity. 
However, bands attributable to these had only been detected.£or CO 
adsorbed on metals with partially vacant d-orbitals. Nevertheless, 
the above hypothesis provided a measure of catalytic activity. 
Several different infrared techniques have been employed in 
the study of adsorbed species and these, together with a review on the 
adsorption of CO and other molecules on metals, will now be discussed 
in the following chapter. The references 47- 56 were used to obtain a 






Until the advent of X-ray and ultraviolet photoelectron 
spectroscopy, infrared had been the only spectroscopic method able to 
provide information as to the structure of adsorbed species on metal 
surfaces. Infrared still provides the basis of most inv~stigations~ 
and as a tool in surface chemistry invites much interest. The various 
techniques used, together with the type of information obtainable, 
have been widely reviewed176'5 7 ' 58. Naturally these techniques have 
their own limitations but the most significant is the difficulty of 
attaining reproducible results. Observations frequently show that 
infrared spectra of an adsorbate are dependent in part on the sample 
preparation as well as conditions, times and temperatures, used within 
a specific preparation. Illustrated in Chart 1 are the chief methods 
/ 
of sample preparation. 
Other limitations of infrared methods are: Firstly, surface 
studies are often confined to narrow spectral regions due primarily 
to strong absorption of the solid adsorbent to which the molecules are 
bound. Large frequency shifts and changes in spectral intensities can 
occur in the adsorbed state which are not comparable to solvent or 
substituent effects. These may be caused by the asymmetric surface 
electric field59, Also normal vibrations of adsorbed species may 
interact with lattice vibrations of the adsorbent, resulting in lateral 




Another important limitation is the difficulty of 
obtaining pure metal surfaces. This can almost be achieved by using 
. -11 -12 ultra-high vacuum techniques at pressures of 10 - 10 Torr. 
Nevertheless, apart from the above, infrared can provide 
direct evidence on the molecular structure of adsorbed species. It 
is particularly valuable where hydrogen bonding interactions occur. 
Infrared measures the vibrational and rotational states of molecular 
systems, which depend on the masses and steriochemical arrangements 
of the constituent atoms and on the force constants of the connecting 
bonds, hence the value of infrared techniques in gas/solid surface 
studies. 
The change from the "model" system (studied in the laborat-
ory) to the "real" one (an industrial catalytic process) must be 
quantitative only22 , e.g. the area of the active surface and the 
number (not the type) of active chemisorption complexes is changed 
on going from the former system to the latter one. Therefore ideally 
experiments should be performed on both well defined surfaces and 
the industrial catalyst, the objective being to prove whether the 
basic reaction mechanism is the same in both cases. This does pose 
its own problems. However, although "model" systems are often far 
removed from industrial catalytic systems they are relatively simple, 
experimentally inexpensive, and open to investigations which are 
essentially involved with the chemical properties of the catalyst 
and not its physical properties. 
Relatively complex catalysts are used by S.A.S.O.L. in 
the Fischer-Tropsch synthesis but they are basically of the 'inert 
oxide support' type catalysts. Therefore simple silica supported 
- 12 -
metal catalysts were studied in this work, although they too have 
their limitations. Scattering due to the adsorbent may occur, but 
can be reduced if the particle size is reduced61. Ideally supported 
metal particles should be 10 to 100 R in diameter with 30 to 30 000 
metal atoms per particle 57 • With small particles most of the metal 
1 atoms are exposed to the surface, whereas about /10th become 
exposed for a 100 R particle. For practical purposes it is necessary 
to compromise between increasing the sample thickness, which increases 
the intensity of the absorption bands, and decreasing the thickness 
to achieve sufficient infrared transmission. 
The structure of supported metal catalysts is of prime 
importance and the mean size, or size distribution, of metal particles 
has been determined by gas chemisorption, electron microscopy, and 
X-ray diffraction methods. Studies have also been concerned with 
establishing whether specific activity of metal crystallites is a 
function of their size6 2 , and it was concluded that specific activity 
is a constant over a large range of average particle sizes for a 
number of different processes. It has been suggested63 that some 
electron transfer occurs between the metal and its .support, which 
modifies the metal's electronic structure and therefore its activity; 
and indeed, valancy induction has been shown to occur6 4 • Several 
other methods have been used to study the nature and structure of 
supported metal catalysts, e.g. electrical conductivity, ccntact 
potential methods on nickel-chromia catalysts 65 , and Mossbauer 
spectroscopy66, 70, Also the ease of reduction of supported metal 
catalysts does depend on the nature of the support,.and a detailed 
study has been given of supported NiO catalysts 67. 
- 13 -
Infrared spectra of adsorbed CO are similar to those given 
by metal carbonyls and absorption bands (arising from the CO stretch-
-1 
ing frequency) are found in the region 2300 to 1700 cm • In the 
adsorbed state the metal to carbon bond has approximately single bond 
character while the carbon to oxygen bond has character between double 
and triple bond. Veryfew investigations have reported on absorption 
bands attributable to the metal to carbon bond. For CO on platinum a 
band, due to the C-Pt bond, was observed at 477 cm-l 68 Bly holder 
-1 
reported M-C stretching absorptions at 435 and 580 cm for CO on 
nickel69 and iron82 respectively. 
The frequency of the CO bands is dependent on several 
factors, e.g., the type of CO species adsorbed, and its attachment to 
the metal; the nature of the metal and its support; and ligand-
ligand interactions. For ligand-ligand interactions, the direction 
of the CO frequency shift indicates the direction of electron transfer on 
the chemisorption of a co-adsorbate. 
In the following sections of this review only those findings 
most relevant to this work will be discussed. For a more comprehensive 




































































































































































































































































































































































































































































































































2.2 SPECTRA OF CARBON MONOXIDE AND OTHER GASES ADSORBED 
ONTO ·NICKEL. 
A comprehensive review on infrared studies pertaining to 
the CO/Ni-Si02 system was given by Ferreira2 7 , which covered the 
period prior to 1970. Therefore it will be sufficient here to mention 
the salient points only before proceeding on to more recent work. 
Infrared bands of CO chemisorbed on Ni/Si02 catalysts. 
were first reported by Eischens et az80, The spectrum suggested that 
two types of CO species were adsorbed onto the surface. Further 
work81 provided evidence to support this theory, and by comparing the 
results with spectra of metal carbonyls the following conclusions 
were made: CO absorption spectra could b~ divided into two regions 
with the dividing line in the vicinity of 2000 cm-1 • Linear, or 
. -1 
terminal, CO species gave rise to bands found above 2000 cm ; whereas 
bands found below this frequency were assigned to bridging species. 
These complexes were thought to have the structures given below: 
Ni .. 
............... 





It soon became evident that under certain conditions 
linear CO groups can give bands below 2000 cm-l This would occur 
J 
where the molecule is strongly coordinated to the metal, i.e. when 
the electron density on the metal is high, either as a result of a 
formal negative charge or through the pres~nce of a promoter having 
- 16 -
electron donor properties. In this instance the-carbon to oxygen 
bond strength is reduced which, in turn, decreases the stretching 
frequency. Increased d-e. density increases the M-C a bond which 
reduces the C-0 bond order. The M-C-0 bonding is discussed more 
fully in Section 5.1. 
Blyholder69'8 2 '83 preferred the assignment of bands at 
lower frequencies to linear CO coordinated to edge or corner sites 
on the metal. He rationalised the diverse results then available by 
using a simple model of linear carbonyl groups with varying degrees of 
TI-bonding. These were dependent on the availability of d electrons 
for TI-bonding, which would be influenced by the metal atom's nearest 
neighboursand ligand-ligand interactions. This view was criticised 
by Yates who supported Eischens in using band frequency for distinguish-
ing between linear and bridged species. It must be understood, however, 
that Eischens' view was flexible as shown when he assigned a band at 
1960 cm-l to linear CO adsorbed on iron8 5• 
Clearly more evidence was required to provide a solution to 
what had become a controversial issue. Guerra86, using electron micro-
scopy techniques did not support Blyholder's theory since no appreciable 
crystallinity was shown by several metals then investigated. Furthermore, 
LEED studies8 7 supported the model of "bridged" CO on Pd, and Ferreira 
and Leisegang28 observed that at high coverage the "linear" bands grew 
at the expense of the "bridged" bands for CO on Ni, an observation made 
by Baddour et az88 in their studies of supported Pd after break-in. 
Recently Soma-Noto and Sachtler sg,go,84 showed that, for Pd/Ag and 
Ni/Cu alloy systems, the 'ensemble effec~ 1 was very marked but the electronic 
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'.'i_igand e~ _:~ct" was of minor importance. 
The two effects can be described thus: 
(a) The geometric "ensemble effect 111 77,l78, An adsorbing molecule 
can form chemical bonds with either one, two, or more surface atoms. 
Each of these chemisorption complexes will lead to different reaction 
products. Diluting the adsorbing metal atoms with inert atoms will 
then change the selectivities in a predictable manner since the 
relative concentration of ensembles with a smaller number of atoms 
capable of forming chemisorption bonds will increase upon alloying 
with an inactive metal. 
(b) The electronic "ligand effect1117 9. Even for a chemisorption 
bond between one metal and an adsorbed atom, the chemical nature of 
the neighbours of the adsorbing metal atom will be important. 
Catalytic selectivity is often determined by the relative chance of 
an adsorbed intermediate either to react further or to be desorbed. 
Therefore weakening of the adsorption bond by alloying can, in 
principle, change selectivity. 
Consequently, if Eischens' assignment is correct, then with 
increasing dilution of Pd with Ag the concentration of the bridged 
complex would decrease more rapidly than that of the linear complex 
as the former is dependent on a pair of adjacent Pd atoms. If, however, 
the electronic configuration of the adsorbed atom caused the large 
band frequency shift to higher frequencies, then alloying Pd with Ag 
would be expected to produce a successively increasing shift with an 
increase in Ag content. The results showed that on alloying Pd with 
Ag this gave rise to a pronounced change in relative band intensities 
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but the band frequencies remained unchanged. The intensities of 
the low frequency bands decreased with increasing Ag content in 
alloys. This clearly supported Eischens assignment, and it must be 
concluded that bands found below 2000 cm-l are attributable to bridg-
ing complexes. Hobart 91 reached similar conclusions from the infrared 
spectra of CO adsorbed on Cu/Ni alloys. Ansorge et az92 showed that 
with magnetic and infrared techniques for CO adsorbed on Ni/Si02 
catalysts the ratio of the two configurations, linear to bridged, 
changed with temperature. This was based on the fact that the Ni/CO 
ratio increased from 1,2 to 1,8 between the temperature range -78 to 
20°c. Similar conclusions were reached by Barber et az93 using second-
ary ion mass spectrometry for CO on Cu and Ni. At high temperatures 
the bridged species was the more stable of the two structures. On 
alloying Ni with Cu Dalmon 94 reported that the bond number between CO 
and the metal decreased, and for geometric reasons the "bridged" 
species decreased. Observed frequency shifts on alloying were ascribed 
to electronic effects, thus confirming earlier rep~rts95, 
Eischens et az8l considered carbon monoxide frequency 
positions and relative intensitfes to be a function of the surface 
coverage, 8, and on decreasing 8 bridged CO was more firmly held than 
linear. Other workers96 have also explained these results in terms of 
induced dipole-dipole interactions between chemisorbed molecules. The 
effect of the metal concentration was investigated by Yates and 
Garland97 for the CO - Ni/Si02 system. The variety of bands observed 
-1 
at frequencies >2000 cm were attributed to single linear groups 
adsorbed onto different crystalline, semi-crystalline, and amorphous 
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metal sites. This view gained much support27 '43,55,33' and factors 
such as competition between ligands for metal d electrons and dipole-
dipole interactions between adjacent ligands have taken a back seat. 
The possibility that more than one CO molecule could be chemisorbed 
i 
onto a single metal site l:ti3-d not been excluded2 7 '8 1'98, but one band 
only was assigned to this phenomenon, e.g~ for CO on Ni27 evidence 
-1 
suggested that the band at 2058 cm , close to that found for gaseous 
nickel tetracarbonyl, was due to two or more ligands per single metal 
site. The tricarbonyl was found to absorb at nearly the same 
frequency 99. 
The admission of H28l not only broadened the CO bands but 
also shifted them to lower frequencies. Blyholder and NefflOO reported 
two bands on admission of H2 and CO onto Ni catalysts. These were 
-1 
found at 2060 and 1900 cm , and were assigned to chemisorbed CO. 
These bands remained on evacuation at room temperatures, but dis-
appeared on heating to 240°c. No evidence, however, could be given 
to show that adsorbed CO had reacted with H2 at that temperature. 
Usually evacuation affects the infrared spectra of CO adsorbed on 
metals97,101, causing the bands to shift to lower frequencies with a 
slight decrease in intensity. This effect indicates the removal from 
the surface of less stable complexes. 
The role of the support on the surface properties of Ni 
catalysts was examined by O'Neill and Yates98, The CO spectra using 
Si02 as a support were found to be similar to those reported 
earlierBl,102 , however Al20 3 and Ti02 supports induced large vari-
ations in the relative proportions of species present and in the carbon 
to metal bond strength. 
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Peri 103 subjected Ni/Si0 2 catalysts to increasingly severe 
reduction with hydrogen. Consequently the spectra allowed the identific-
ation of CO adsorbed on the oxidised and reduced portions of the nickel 
surface. Incomplete sample reduction created different adsorption sites 
and,as the presence of oxygen altered the energy of adsorption sites on 
adjacent nickel atoms,so the CO spectrum became more complicated. The 
observed change in the CO spectra on further investigations 104 (which 
involved the preadsorption of HCl), was interpreted as an inter-
conversion of sites. Peril03 also concluded that the nickel surface 
was heterogeneous, and from the spectrum of adsorbed NH3 on Ni/Si02 
bands were attributed to coordinately bonded species to surface Lewis 
acid sites. Earlier reports 105 had also concluded that the surface 
was acidic. A novel interpretation of the spectra of adsorbed CO was 
proposed by Gardner and Petrucci45. They suggested that a relation-
ship exists between the vibrational frequencies of gaseous molecules 
-1 
and ions and the number of valance electrons. Bands found near 2200 cm 
were thus attributed to CO ions ranging up to co2+, which were pre-
sumably generated by metal ibns on the surface. Alternatively, Peri104 
thought that they may have been due to weak a complexes with surface 
metal ions. Recently evidence 106 was provided to support the idea of 
ionic CO adsorbed species. The absorption spectra of CO on NiII oxide 
of different stoichiometric composition indicated the existence of 
co+ and co- on oxidised and reduced surfaces respectively. 
Ferreira and Leisegang2 8 reinvestigated the adsorption of 
CO on silica supported 'nickel and cobalt catalysts. Six bands (A to F) 
were observed for each metal, with the low frequency bands, A, being 
assigned to bridged carbonyl species. High frequency bands at 2060 
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to 2090 cm-l (D) and 2035 to 2050 cm-l (B) were assigned to single 
linear groups. The latter was associated with sites of low co-
ordination number, and these shifted to higher frequencies with an 
increase in CO coverage in accord with the molecular orbital model 
proposed by Blyholder8~. At very high coverage band C was observed 
-1 
at 2058 cm , close to that given by gaseous Ni(C0)4, and was 
attributed to two or more ligands per single site. Finally, bands E 
-1 
and F, found at frequencies >2100 cm , were given on incompletely 
reduced samples. 
The interaction of CO and Hz on potassium promoted and 
unpromoted nickel catalysts was also studiedz7 ,za. By varying the 
Hz : CO ratio different reactions were observed to take place on the 
surface. At high ratios CH 4 was given as the chief product, whereas 
at low ratios COz was predominant. The reaction mechanism for CH4 
production was considered to involve bridged CO species only, and to 
proceed via a carbide or by oxygenated alcoholic-type surface inter-
mediates. This is in accordance with the mechanism proposed by 
Emmettl0 7 • It was also shown that gaseous Ni(C0) 4 was formed when 
CO was left in contact with the nickel surface over long periods, 
but the reaction did not occur providing the catalyst was at room 
temperature prior to the admission of CO. Later Derbeneva et azl08 
provided evidence which revealed the formation of Ni(CO) compounds 
x 
on a nickel catalyst surface, where x ~ 4. Also gaseous Ni(C0)4 was 
given by CO contained in an otherwise empty stainless steel infrared 
cell when at room temperature and pressures ~ 50 Torr1 09. 
Thermal desorption studies were reported for CO adsorbed 
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onto Ni/Si02 surfaces by Marx et aZ110 and the results compared with 
those given by infrared methods. In particular, the influence of 
preparative methods on the adsorbent characteristics was investigated. 
Surface models were devised by considering the correlations between 
desorption peaks, calculated thermodynamic and kinetic reaction data, 
and spectroscopically determined band positions. 
The study of gases chemisorbed onto thin metal films, 
(see Chart 1), has become a very popular method of analysis. Either 
reflectance techniques on evaporated films, or transmission through 
specially prepared porous films are used. Early investigations by 
Pickering and Eckstrom111 , involved the use of reflectance spectra 
of CO on Ni and Rh. For Ni, the spectrum revealed a strong doublet 
at 2061 and 2050 cm-l with a weak band at 2031 cm-1 . All these bands 
were attributed to linearly held CO and they readily disappeared on 
evacuation. In contrast, adsorbed species found on Rh were more firmly 
held. Gardner and Petrucci42 observed one band only at 2060 cm-l for 
CO on evaporated Ni films which was again assigned to the presence of 
linear groups. Later Eckstrom 1 12 found, in addition to the 2060 cm-l 
-1 
band, many others within the frequency range 1200 to 750 cm , but the 
nature of the adsorbed species responsible for them was not determined. 
Adsorption of CO on Ni films prepared by the evaporation-mull technique 69 
-1 
gave strong bands at 2080 and 1940 cm together with a broad band at 
-1 
435 cm . The last could be attributed either to the Ni-C bond 
stretching vibration, (analogous to Ni-C in Ni(C0)4), or being broad 
may encompass both the Ni-C-0 bond and Ni-C stretch in accordance 
with earlier datall3. 
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The above work together with that by Sardisco114 led to an 
attempt to explain the diverse results by modifying the technique of 
preparing evaporated nickel films 11 5. Unfortunately, the investigation 
was not wholly successful as the authors could only conclude that strong 
-1 bands of variable intensity could be found in the region 2080 to 1900 cm . 
This was in agreement with previous workers. However, a new band depend-
l · · at 1620 cm-l ent on samp e preparation was given This was ascribed 
to a bridged carbonyl structure of the type 
Ni" 
C = 0 ...•.• Ni 
Ni/ 
The low frequency could be explained in terms of additional bonding or 
association between the oxygen and a third nickel atom, because the 
structure was analogous to ketones adsorbed on Lewis acid sites on 
alumina. The high frequency bands were associated with species ad-
sorbed onto different crystalline sites which was in agreement with 
Yates and Garland97 • The addition of oxygen caused these bands to 
disappear, but bands were observed at 1530 and 1363 cm-1 , character-
istic of surface carbonates69, 
Other workers reinvestigated the adsorption of CO on nickel 
Bradshaw and Pritchardll7 deposited films under ultra 
high vacuum which gave spectra similar to those shown by supported 
nickel. Particle size effects played an important role, and small 
particles enhanced absorption at both low and high frequencies. 
Anomalous transmission peaks were thought to be produced by adsorbed 
species on small particles which possessed a particularly high 
coefficient of extinction. These effects, however, were expected to 
_:.'' 
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occur only with thin films. Bradshaw and Pritchard1 20 extended their 
studies of adsorption at low temperatures to other metals. Absorption 
bands only appeared at high CO coverage which suggested that strongly 
bound molecules may be in states which are infrared inactive. However, 
it was subsequently reported by Bradshaw and Vierle121 that as CO was 
adsorbed onto nickel films the electrical resistance changed with the 
spectra. It was interesting to see that the spectrum of CO on nickel 
prepared by the argon matrix isolation technique and reported by 
Blyholder et azllS closely resembled that for CO on silica supported 
nickel, and oil-mat~ix supported nickel. Clearly the electronic states 
accessible at room temperature are also accessible when at 44 K, i.e., 
C-type sites with surface atoms having coordination numbers of 6 and 7. 
Less attention has been given to other diatomic adsorbates 
such as H2 , N2, NO and 02. The most relevant studies carried out on 
the adsorption of hydrogen will be discussed in this review, as they 
will have some bearing on the work covered here. Spectra were 
obtained by Kavtaradze and Sokolova122 of H2 adsorbed onto alumina-
supported iron, nickel, and other metals. Weak absorption bands were 
found in the region 1850 to :1940 cm-1 , which were duly assigned to 
vibrations of the M-H bond. Earlier workers 12 3, however, provided no 
infrared evidence of hydrogen adsorbed onto silica-supported nickel. 
Probably the metal particle size was unsuitable in this instance in 
view of the demonstrdtion 124 showing that for N2 the metal particle 
I 
size had to lie be/ween 15 and 70 R before spectra could be recorded. 
I 
Lapujoulade and ;~i11 25 used flash desorption techniques for their 
studies of H2 chemisorbed onto Ni (110) and revealed that for low 
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surface populations, (<10 13 atoms/cm2), adsorption occurred as a one 
binding state having an adsorption enthalpy of 20,3 Kcal/mole. As the 
population increased a second, more tightly bound, state was observed. 
Casey126 also studied the adsorption of H2 and its interaction with CO 
on polycrystalline nickel using thermal desorption techniques. Three 
states were found in the desorption spectrum for H2• It was proposed 
that the a and S1 states corresponded to desorption from intrinsic 
states which had been predicted theoretically. The maximum combined 
coverage for these states was found to be 2 x 101 4 atoms/cm 2 Also 
adsorption coefficients and bond energies were calculated12 7 for the 
adsorption of H2 on nickel films. Similar results were reported by 
Shirono et aZ 12 8 for H2 adsorption on paladium catalysts. By calori-
metric measurements the heat of adsorption decreased with an increase 
in the amount of hydrogen adsorbed. Again three states of H d were a s 
observed, these being strongly adsorbed, (H ), dissolved hydrogen, 
s 
(Hd), and weakly adsorbed, (Hw). On evacuation the H state hardly s 
desorbed, but the other two desorbed readily. A very interesting 
observation showed that CO poisoned exclusively the sites of H • 
s 
Furthermore, Primet and Sheppard129 found that, for a Ni-Si02 
catalyst, the infrared spectra of chemisorbed CO was sensitive to the 
presence or otherwise of H coadsorbed onto the metal surface. A 
-1 
'hydrogen-covered' surface gave a vCO band near 2070 cm , whereas for 
a 'bare' or 'hydrogen-free' surface a band was exhibited near 2040 cm-l 
Using this criterion it was then shown that a 'hydrogen-covered' 
surface lost much of its hydrogen by evacuation at so0 c. Micro-
gravimetric measurements 130 revealed that only 6% of supported nickel 
atoms can bind a hydrogen atom, whereas 21 and 71% of atoms were 
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available for Pt and Rh respectively. 
Multireflection infrared spectra131 of CO at low pressures 
on nickel films gave two broad bands with maxima at 2060 and 1920 cm-1 
Three processes were considered to take place on the surface, all being 
dependent on the CO pressure. At pressures ~ 10-6 Torr a dissociative 
adsorption was thought to occur in which C and 0 adatoms were formed. 
Between 10- 6 and 10-2 Torr pressures adsorption would then be of the 
form Ni-C-0, and ~10-2 Torr the slow formation of gaseous Ni(C0) 4 was 
predicted. In contrast, very interesting evidence was provided by 
Joyner and Roberts 132 on the nature of adsorbed CO on nickel by 
X-ray and ultraviolet electron spectroscopy. At 295 K CO was ad-
sorbed in a molecular form, but on heating to 430 K changes in the 
spectra were interpreted as reflecting thermally induced dissociation 
of adsorbed CO. It is now understandable why it is difficult to 
obtain nickel free traces of carbon and oxygen, since their formation 
is relatively easy from CO d at about 400 K. Similar results were 
a s 
obtained for iron133. Very little molecular adsorption of CO was 
evident on heating at 350 K. These results were confirmed later93 for 
nickel, when it was shown that surface carbides were formed on the 
metal which involved a dissociation mechanism. 
Further studies l34 revealed that the oxygen (lS) binding 
energy in the non-dissociative adsorption of CO on metals decreased 
as the heat of adsorption increased. Also, when the heat of adsorption 
was the same on different metals the 0 (lS) binding energy was the same. 
This suggests that TI bonding, (back donation), is the major contribut-
ion to the M-CO bond, with the a contribution being less significant. 
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Correlation of the binding energy with the heat of adsorption 
suggests that, at 295 K, dissociative adsorption of CO occurs when 
~H d > 300 KJ mol- 1. Further discussion on the above is given a S N 
in Section 5.1. 
Reduced nickel catalysts are extremely susceptible to 
oxygen chemisorption. For silica supported nicke1135 all the nickel 
atoms were assessible, and the observed ratio of l : l for 0 : Ni 
was independent of the nickel content and of the oxygen adsorption 
temperature. Previous workers 115,69 had reported that oxygen readily 
displaced CO from the surface at room temperatures, which in turn 
reduces the metal's "activity" with respect to CO adsorption. Therefore, 
precautions were taken to ensure that the metal catalysts studied in 
this work remained "oxygen-free". 
Other adsor.J::ents investigated on nickel catalysts using 
infrared have been N0 136, NH 3135, and MeOHlOO, 
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2.3 INFRARED SPECTRA OF CARBON MONOXIDE AND OTHER GASES 
ADSORBED ONTO IRON. 
Infrared spectra recorded by Eischens and Pliskin 1 39 of 
adsorbed CO on silica supported iron catalysts when at room tempera-
-1 
tures and low CO pressures showed one band only at 1960 cm . With 
-1 
high pressures a shoulder at 2019 cm was observed. This latter 
absorption was attributed either to iron carbonyl formation or to 
weakly held linear CO groups. By comparing spectra given by iron 
-1 
carbonyls the low frequency band at 1960 cm was also assigned to 
linear CO, and having the structures : 
Fe = c = 0 ~Fe c o. 
The authors found that iron catalysts were very difficult to reduce 
. 0 0 
at temperatures below 350 C. Furthermore, at about 500 C there 
appeared to be a reaction with the carrier. Therefore catalysts were 
first reduced for 16 hr. while gradually increasing the temperature 
0 to 380 C, and then reduction was continued at this temperature for a 
further 2 hr. 
The Fe-co· system, (similar to that found for the Ni-CO 
system 115 '69), was very sensitive to small traces of oxygen. This 
-1 
caused the band at 1960 cm to disappear and be replaced by another 
-1 
at 2128 cm • With the addition of hydrogen, however, no change was 
given in the spectrum contrary to that observed for Pt-CO and other 
metal-CO systems in which band shifts to lower frequencies were 
the norm. Generally speaking hydrogen chemisorption is enhanced by 
preadsorbed CO on metals and this phenomenon has been attributed to 
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the formation of complexes of the type: 
H OH 
" / c 11 
M 
These complexes were postulated as intermediates in the Fischer-
Tropsch synthesis, although no evidence was provided to support this. 
Other workers 14 0'82 observed a band at 2019 cm-l with a 
-1 
shoulder at 1998 cm for CO adsorbed on iron. Both bands were 
regarded as arising from linear structures, of the form Fe = C = O, 
adsorbed onto different crystallographic sites. Here a reversal in 
intensities was given to that previously shownl39. This was considered 
to be due to slight differences in preparative methods which in turn 
would affect the relative numbers of the two adsorption sites available. 
The fact that when at room temperatures the peak size, (CO coverage), 
was independent of pressure, whereas at 180°C it became a function of 
pressure provided evidence to support the existence of two different 
crystallographic sites. Again reduction times and temperatures were 
carefully controlled to produce an 'active' surface 82 . 
The addition of foreign gases to adsorbed CO often resulted 
in the displacement of the adsorbate from the metal surface due to 
preferential adsorption of the additive gas. Displacement effects by 
oxygen have been observed in all cases 1 39' 14 0, and the appearance of 
a band at much higher frequencies clearly represents CO d on an a s 
oxidised surface. Occasionally foreign gases do not displace CO but 
merely cause a shift of the carbonyl frequency either to higher or 
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lower values. In these cases changes in the spectrum were inter-
preted83 in terms of decreased or increased electron-donor capacity 
of the metal towards adsorbed CO arising from adsorption of a foreign 
gas on adjacent metal sites. On heating14 0 the iron catalyst, in the 
presence of CO and 02 or on addition of C02 , the characteristic 
carbonate structures69 were given, as shown by the.appearance of a 
-1 
band at 1560 cm . 
The interaction of CO and H2 ori silica supported iron gave 
. 0 
negative results when at room temperatures, but at 180 C three bands 
in the C-H stretching region appeared in addition to the carbonyl 
bands. These vibrations were assigned to free methane139,141, Also 
-1 
a band found at 2943 cm was attributed to saturated hydrocarbons 
existing in a chemisorbed state. No chemisorbed or free species 
containing the group (=C-H) was detected. Thus the infrared evidence 
was in accord with intermediates of the type: 
R R 
Prior to this work several mechanisms had been postulated for the 
interaction of hydrogen and carbon monoxide on iron. For example, 
those proceeding via carbide intermediates 142 , or oxygenated alcoholic 
type compounds 23' 14 3. 
The interaction of H2 and CO is of considerable interest in 
relation to the Fischer-Tropsch synthesis, and was investigated by 
Kolbel et aZ 144 for an iron-magnesium oxide mixed catalyst. The 
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infrared spectrum was extremely complicated, providing evidence for 
carbonate and carboxylate species as well as adsorbed CO. After 
exposure to the gas mixture at temperatures of 453 K, bands appeared 
at 2840 and 2720 cm-1 • These were assigned to aldehyde groups. 
Interactions occurred with the support, and CO on pure Mgo 145 produced 
absorptions characteristic of carbonate groups. _Consequently the 
carbonyl stretching vibration of the aldehyde group was obscured. 
Furthermore, a complex spectrum was givenl46 for CO alone with a 
mixed catalyst, and all absorptions were assigned to carbonyl groups 
attached to the iron surface. These absorptions were not influenced 
by recrystallisation or by hydrogen pretreatment. Another absorption 
-1 found at 1825 cm , which shifted to higher frequencies on the 
addition of hydrogen, was thought to be due to dissociative afsorp-
tion of C02 on iron. 
Ferreira2 7 failed to produce "active" iron catalysts 
despite alterations made in the sample content and method of prepar-
ation. Two reasons were put forward to explain this "inactivity", 
(i) compound formation could have occurred between the metal and its 
support; and (ii) the thermodynamics of reactions of iron, nickel, 
and cobalt predict 1 07 that iron oxide is extremely difficult to 
reduce at high temperatures relative to nickel and cobalt oxides. 
Infrared studies of adsorbed species on iron catalysts 
prepared by other methods have been numerous and a few are worth 
mention here. The most popular method has be~n the evaporation 
thin-film technique. Spectra of CO on thin iron films were reported 
by Bradshaw and Pritchardl20 to be similar to that given on supported 
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iron, although bands only appeared at high CO coverage and so were 
considered to be due in part only to chemisorbed CO. Othersll6 
observed a band at 1950 cm-l for CO on Fe films when at 170 K, which 
-1 on warming to room temperatures shifted to 1900 cm and possessed a 
low frequency tail. A similar result was given with cabal t. On 
-1 
admission of oxygen the 1900 cm band disappeared; once again a 
result analogous to that given on supported ironl39,140, 
The absorption bands were generally broad in appearance, 
in contrast with the much sharper bands shown on supported ironl39, 
This was predicted by Smith and Eckstrom 148, Band sharpness was 
considered to be related to the crystalline size on which the ligands 
adsorb. Pashley149 considered that very thin films have an island-
like structure, or formation, consisting largely of discrete nuclei 
which aggregate as the film thickness increases. It seems likely that 
an aggregation sintering process may well be responsible for the dis-
appearance of spectral bands with thicker films. On the other hand, 
the average size of crystallites of a supported catalyst is usually 
smaller than for evaporated films. This is shown by electron micro~ 
scopy and volumetric adsorption data. Therefore spectra of supported 
metals, e.g. iron, show similar features to those given by evaporated 
' films, but these are overshadowed by the more intense contributions 
from smaller particles. 
Baker et azll6 investigated the effect of warming to room 
temperatures and found the film structure became slightly altered. 
It was argued that the accompanied loss of the high frequency absdrption 




strongly absorbing state. Sintering had probably been the chief 
influence which removed adsorption sites having special geometry. 
Spectra of CO on sintered iron 150 gave bands at 1910 and 2020 cm-l 
which were indicative of two chemisorbed forms on densely packed 
faces, They were unaffected by the addition of hydrogen, but dis-
appeared with oxygen. Preadsorption of hydrogen als.o had no effect 
on the spectrum for Fe/MgO catalystsl 46 as mentioned earlier. 
Blyholder 1 51 provided interesting data for CO on iron prepared by 
the argon matrix isolation technique. Low temperature studies were 
considered to be very important for observing primary gas-solid 
processes as secondary processes would be suppressed. Evidence 
pointed to the existence of distinct low temperature adsorption 
sites, referred to as type 'C' chemisorption. Previous observ-
ations 1 52 were made for H2 and N2 adsorbed onto Fe, Ni, and other 
metals. Type 'C' chemisorption was thought to be both atomic and 
molecular. Existence of a low temperature chemisorbed state for CO 
on tungsten, referred to as "virgin CO", had been inferred earlier153 
from flash filament, field emittance, and electron impact desorption 
studies. Now the same evidence was provided by infrared for CO on 
iron1 Sl, 
Experiments 154 involving chemisorbed CO and Lewis bases on 
metal films, (including iron and nickel), suggested that for metal 
complexes there is an electronic balance between the different species 
simultaneously chemisorbed onto a metallic surface. This was considered 
one of the best justifications in support of the concept of "surface 
complexes". However, the results did not resolve the different inter-
t t · f E · h 8 O ' 81 d Bl h ld 6 9 ' 8 2 ' 8 3 . pre a ions o isc ens · an y o er with regard to bridged CO 
complexes. 
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A complete picture of the nature of iron catalysts cannot 
be obtained from infrared data alone and results obtained using other 
techniques provide valuable information, for example, on the reduction 
of supported iron catalysts using Mossbauer spectrosc_opy155. X-ray and 
vacuum u.v. photoelectron spectroscopicmethods 13 3 showed that kinetic 
control of CO dissociation on iron was operating sin~e molecular 
adsorption occurred at low temperatures and dissociation adsorption 
became increasingly important above 290 K. The concept of charged 
species offered an interesting approach. Kovalev et azl56 identified 
different charged forms of H and CO, and their interaction on iron 
during alcohol synthesis were determined from electronic work function 
data. Below catalytic temperatures (-30 to + 23°C) the forms H- and 
co+ existed, whereas at catalytic temperatures (110 to 180°C) H+ and 
CO predominated. Catalytic activity for chain propagation during the 
interaction of H2 and CO on Fe(lll) surfaces was deduced by Kolbel 
and Tillmetz157 from the geometrical and electronic structure of the 
complex. Complexes of the Anderson type containing oxygen were 
found to be stable on both iron and cobalt, whereas for nickel the 
complex was thought to be of the methylene type. 
Very recently adsorption forms of CO were studied158 on 
ferric oxide of different reduction states. Chemisorbed CO forms 
differed in the nature of the bond between CO and the surface and in 
the deformation of the electronic structure of CO. Silica supported 
ferric oxide was subjected to increasingly severe reduction with 
hydrogen. An infrared absorption band was observed at 2180 cm-l for 
CO on Fe203, indicating that the CO bond was strengthened in comparison 
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with the bond for free CO. However, for CO on FeO and Fe, bands at 
-1 
2070 and 2020 cm respectively clearly showed that the CO bond was 
weakened in comparison with the free CO molecule. 
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2.4 INFRARED SPECTRA OF CARBON MONOXIDE AND OTHER GASES 
ADSORBED ONTO COBALT. 
Infrared spectra recorded by Gardner and Petrucci4 2 of 
carbon monoxide on silica supported cobalt showed three bands at 
-1 
2179, 2160 and 2091 cm • From this,and spectra of CO on other 
metals, a relationship was postulated between the ligand's fre-
quency and the number of valence electrons associated with it. 
Furthermore, the various CO species, COn+,differed from one another 
by having different integral numbers of valance electrons. These 
conclusions have been covered in more detail in Section 1.3. 
Basilal 5 9 observed infrared bands for CO on cobalt in the 
frequency ranges 2179 - 2140 cm-land 2091 - 2070 cm-1 • Occasionally 
bands were found at 1950 and 1820 cm-l No structure assignments 
were given to the species responsible for these absorptions. The 
only other spectra recorded prior to Ferreira 1 s 2 7 work were for 
C H 0 compounds adsorbed onto cobalt films 16D using the evaporation-
x y 
mull technique. 
A more comprehensive study27 was made on the adsorption of 
CO on potassium promoted and unpromoted silica supported cobalt 
catalysts. The results were as follows: 
(1) Infrared absorption bands were observed for CO on potassium 
-1 -1 
promoted and unpromoted cobalt oxide at 2155 and 2170 cm , and 2178 cm 
respectively. These absorptions were assigned to chemisorbed CO 
species. 
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(2) Cobalt was found to be more difficult to reduce than nickel; 
hence the degree of reduction was measured by the dimunition of the 
-1 
band at 2178 cm • 
(3) Infrared absorptions for CO on unpromoted cobalt were 
observed at 2025, 2070, 2095, 2130 and 2180 cm-1 which were assigned 
as bands A to F respectively. 
(4) The intensities of bands B and D were directly related to CO 
pressure, whereas A was found to be inversely proportional to pressure. 
Band B showed the largest increase in intensity with pressure, but 
band A was the most persistent on decreasing the pressure. 
(5) Bands E and F disappeared rapidly on evacuation. 
(6) Prolonged treatment with CO appeared to have a more beneficial 
effect on the activity of available sites, especially B sites, than did 
hydrogen reduction. 
(7) Potassium promoted cobalt catalysts exhibited CO absorptions 
at slightly lower frequencies. These absorptions decreased further 
with an increase in the K : Co ratio. 
The general conclusions .reached on the interpretation of the 
spectra for nickel27 '28 also appli~d to cobalt. 
Other investigations made use of the evaporation thin film 
technique; An infrared band was observed by Baker et az.P6 at 1990 cm-l 
for CO on cobalt when at temperatures of 170 K. The band possessed a 
low frequency tail which extended to below 1800 cm-l Earlier reportsl62 
had also shown very broad CO bands on both iron and cobalt. The spectrum 
did not change in appearance on evacuation, but on warming to room 
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temperatures the maximum shifted to 1970 cm-l As with iron, it was 
concluded that this loss of absorption on warming may have been 
due to (1) desorption of some CO; (2) conversion to a less 
strongly absorbing state; or (3) sintering. Spectra reportedl20 for 
CO on thin films deposited at 113 K under ultra high vacuum were 
similar to silica supported cobalt catalysts. However, the band at 
-1 
2040 cm was only given at high coverages. This band also shifted 
to lower frequencies on both warming and evacuation (compare the 
results 11 6 given above). It is most interesting to note that re-
adsorption of CO did not bring back the high frequency band. 
1980 
The interaction of the Lewis bases, Me 3N and EtNC, caused the 
-1 
cm band for CO on cobalt to shift to lower frequencies. This 
was observed by Queau and Poilblancl54 who explained the shift in 
terms of the Lewis bases being chemisorbed onto free sites, which then 
augment the electronic charge on the metal by increasing the TI bond 
between the metal and the CO ligand. This in turn decreases the CO 
bond strength and thus decreases the vibrational frequency. 
A molecular oribtal model proposed by Blyholder and Marvin 161 
for the n-electron system of adsorbed CO on a cluster of metal atoms 
successfully accounts for the shift in position of the two principle 
bands as the metal is varied across the series, vanadium-copper. This 
important fact will be discussed more fully in Chapter 5. Other 
studiesl38,14 7 will also require further discussion as they are highly 
relevant to this work. In brief, they concern (i) the adsorption of 
hydrogen and oxygen on cobalt and nickel as determined by calorimetric 
and magnetic measurements138, and (ii) the adsorption of CO on Co-Mg 
mixed catalysts using infrared techniquesl 47 • 
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0 B J E C T I V E S. 
Most researchers using infrared techniques in catalysis 
studies have been concerned only with observing the adsorbed complexes 
on metal surfaces. From the absorption spectra they postulated 
reactions of these complexes that were most likely to occur when sub-
jecting a system to certain conditions, such as evacuation, co-ad-
sorption, or changes in temperature. The evidence obtained has 
provided valuable information on the nature and properties of these 
adsorbed complexes, but,by limiting their investigations to state B 
(see page 2 ), the transition to state Chas been left open to 
conjecture. Comprehensive data about state B has been obtained 
for many catalysts and adsorbates. This on its own was inadequate, 
and other methods of analysis were often necessary to substantiate 
any proposed theories. The chief problem has been the disagreement 
between the different sets of results obtained by varying the method 
of sample preparation, making generalisations difficult. Unless 
the use of infrared is extended or modified to include the analysis 
of more than state B, it seems inevitable that experimental details 
will always play an important role; and each system studied will 
possess its own degree of independence. 
The 'model' systems investigated in this work have been based 
on a 'real' one; the industrial synthesis of hydrocarbons known as the 
Fischer-Tropsch process in which the two reactants, carbon monoxide and 
hydrogen, are brought into contact with an iron catalyst. With the 
exception of Ferreira27 , very little work using infrared techniques 
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has been done on this process. Consequently several parameters have 
not been touched on at all. For example, the effect of (1) a steady 
increase in temperature on the absorption spectra; and (2) varying 
the order of addition of reactants on the catalytic activity. Also 
the problem of how and why catalytic activity changes with respect 
to final products formed remains partially unsolved. 
The objectives of this research can now be listed below:-
(a) To investigate the catalytic process involving the formation 
of hydrocarbons using infrared spectroscopy. The study to be 




(CO + H2) - Ni 
(CO + H2) - Co 
(CO + H2) - Fe 
Nickel and cobalt were -chosen because of their known 'activity' 
with respect to :1ydrocarbon formation 1 O7 ' 2 3, and for the relat-
. · ive ease with which they form "complexes" with CO. Both will be 
regarded as "test" catalysts. The iron will act as the "true" 
model catalyst based on the more complex ones used industrially. 
(b) To determine the structure of adsorbed surface species and observe 
their reactions on the metal surface, using thin transparent 
circular discs as samples. Also to monitor the reactants and 
products in the gas phase using bulk (powdered) samples. This 
procedure would provide information on two states in the scheme, 
viz., the chemisorption complex (state B) and the final products 
(state D). Therefore, correlations can be sought between the 
two sets of results with a view to obtaining a description of the 
catalytic reaction (state C). 
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(c) To report on the effect of varying the two parameters given 
below for all the systems described in (a) and (b) above: 
(i) the effect of the regularly varying temperature on 
the adsorption and reaction of carbon monoxide, alone 
and with hydrogen present; 
(ii) to observe changes in catalytic activity on varying 
the order of addition of reactants to the catalysts. 
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CHAPTER 3 
EXPERIMENTAL METHODS AND PROCEDURE 
In order to achieve the objectives it was necessary to 
carry out a systematic but more complex experimental procedure than 
has usually been adopted for metals supported by inert oxides. 
Furthermore, additional and modified apparatus was required. Hence 
this chapter describes in full the apparatus and procedures used 
for the three systems which were investigated. 
3.1 APPARATUS. 
3.1.1 The Infrared Spectrometer: 
A Perkin-Elmer model 180 infrared spectrometer was used. 
This is a double-beam grating instrument. It was required to measure 
carbon monoxide and its reaction products, with or without hydrogen 
present, both in the gas phase and when adsorbed onto the surfaces 
of "Cab-0-Sil" silica supported metal catalysts. 
In one mode of operation spectra were scanned, and in the 
other given species were monitored in time and/or with temperature at 
-1 
a constant wavenumber using the CONST. CM control. The selected 
frequency ranges and individual wavenumbers will be described in 
Section 3.4. The slit width was usually set to correspond to a 
-1 
resolution of 2,0 cm when at the highest frequency of the scan. A 
higher resolution was not necessary because no quantitative measurements 
were doneon any of the observed absorptions. 
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3.1.2 The in situ cell: 
It was necessary to construct an infrared cell which would 
hold the silica supported metal discs in a vertical position in the 
infrared beam. There have been numerous cell designs27,163,98,164,140 
and these were first examined before engaging on a design; the con-
struction of which would make for efficient and convenient experiment-
ation. Therefore, this section reports the design of a simple 
variable temperature infrared in situ ce11165, which meets the same 
specifications as that reported by Igarashi et azl63, and which has 
been used successfully in this laboratory for the entire programme. 
The complete body of the cell does not contain any parts that require 
adjustment. Thus its simplicity of design allows for convenient handl-
ing and easy access to the sample. Also its small size makes it non-
specific to any model of infrared spectrometer. Decomposition of the 
supported metal salts and their reduction to the metal using hydrogen 
at high temperatures was accomplished in the cell in the normal way, 
followed by adsorption studies on the prepared catalysts in situ. 
In the cell's construction four features were of considerable 
importance: (i) the position and efficiency of the heating assembly; 
(ii) a convenient sample holder capable of holding a thin disc in a 
vertical position relative to the horizontal infrared beam; (iii) 
precise monitoring of the sample temperature; and (iv) an adequate 
cooling system, in order to prevent cracking of the windows whilst 
heating the sample and to protect the vacuum seal. 
The design of the cell is given in Figure 1. The entire cell, 
with the exception of the heating assembly and sample holder, is made 
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of Pyrex, blow-moulded into a single unit. This consists of the main 
body of the cell, 1, the water-cooling system, 2, a thermocouple well, 
3, and the gas inlet and outlet tubes, 4. The latter are fitted with 
high vacuum stopcocks, 5, in order to isolate the cell when required, 
and ball joints, 6, for attachment to the vacuum line. 
The ends of the cell are ground in order to accommodate the 
windows. The most efficient seal was obtained with Edwards 'Hard 
Grade' high vacuum grease when it was applied sparingly and then warmed 
before the positioning of the windows. This grease requires no thicken-
ing additives such as silica gel, and will also hold the windows securely 
to the cell at atmospheric pressure without additional support. A hard 
vacuum (10- 6 Torr) is readily reached and maintained. The position of 
·the thermocouple well is illustrated by Figures 1 and 2. It is large 
enough to accommodate an iron-constantan thermocouple and it hardly, 
if at all, interferes with the infrared beam. Thus the temperature of 
the cell centre, including the sample, may be determined accurately. 
The lagged heating element, 7, is situated outside the cell 
as shown in Figure 1. This was considered more suitable than inside 1 63 
not only because of its accessibility in the event of failure, but also 
because no extraneous material is introduced to the cell. Direct con-
tact of the wire onto the glass is prevented by a layer of thin 
asbestos paper. This distributes the heat evenly and holds the wire 
in position during winding. 50 plus turns of nickel-chromium (65/15) 
element wire 
-1 
(length V'\ 9,5m; 0,23mm diameter and 26Q m ) was found 
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giving 100 W power raised the cell temperature to 450°c in ~ hr. The 
heating element was lagged with plaster of Paris followed by asbestos 
string and tape. 
The sample holder, Figure 3, was originally made of brass. 
However, at elevated temperatures under reducing conditions, the zinc 
vaporised and deposited as a thin film on the cooler surfaces of the 
cell and windows. A high quality stainless steel was then used and 
found to be unaffected at temperatures ~ 450°C while subjected to 
carbon monoxide, hydrogen, nitrate fumes, etc. The sample holder 
consists of two cylinders machined to fit, and securely hold, a thin 
circular sample of diameter 25 mm. . This holder when placed inside 
the cell rests against the side of the thermocouple well. In this 
position the tip of the well is < 1 mm from the sample disc. 
3.1.3 The Reactor: 
In order to follow the composition of reactant and product 
gases as a function of time, or as a function of time and temperature, 
a small Pyrex reactor was constructed to accommodate about 0,7 g of 
powdered material. The reactor was connected to a gas line and to a 
standard 10 cm path length infrared gas cell fitted with calcium 
fluoride windows. The infrared cell was housed in the sample beam of 
the spectrometer. 
The reactor is shown in Figure 4. The main body, 1, was 
enclosed in a furnace, 6, of similar construction to that for the 
in situ cell, such that the temperature could also be raised to 
FIGURE 4. 
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450°C in ~ hr. Gas inlet and outlet tubes, 2 and 3, all fitted with 
stopcocks, were for use during the sample reduction and for connecting 
to the infrared cell respectively. The position of the thermocouple 
well, 4, is clearly shown, and enables the temperature of the cell 
centre including the sample to be determined accurately. Finally, the 
socket cap, 5, was fitted to facilitate cleaning of the reactor 
after use. 
3.1.4 The Differential-Pulley System: 
For some of the reactor and in situ experiments it was 
required that the temperature be raised smoothly (over the range 20 
0 to 400 C), in order to monitor accurately the appearance or dis-
appearance of a given species or to observe spectral changes more 
closely. This was achieved by using a differential-pulley system which 
connected the autotransformer to a small motor. The system proved 
extremely efficient and allowed the temperature of both reactor and 
in situ cell to be raised to 400°C over a period of about three hours. 
Figure 5 shows a typical plot of time with temperature for each of 
the two furnaces, 1. the in situ cell, and 2. the reactor. It was 
necessary to draw separate plots for each experiment because not only 
were the curves parabolic, but also very slight differences occurred, 
attributable to indeterminate errors, although the shape of these 
curves remained unchanged. Nevertheless, over the range of most 
interest, 150 to 400°c, the plots were found to be almost linear. 
The heating procedure described here will be referred to in the text 
































































































































3 .1. 5 The Die : 
A die was used to press powders into thin circular sample 
discs (25 mm diameter), of either a metal salt mixed with silica or 
that of silica alone. The die used was the one constructed by 
Ferreira27 which incorporates the bevelled mouth at the bottom of 
the cylinder, and the flat backing plate. The bevelled mouth was 
reduced slightly in an attempt to improve on the quality of the discs 
and to increase their diameter. Also the conditions for pressing 
(time and pressures) were altered, again to improve on the quality. 
Further details are given in Section 3.3.2. 
3.1.6 The Vacuum Line: 
A schematic diagram of the vacuum line employed is given to·· 
simplify the description of the experimental procedures, which were 
often very intricate. The line, shown in Figure 6, has been divided, 
for simplicity, into Sections A to E which represent given volumes, 
and this notation will be referred to later. The ratios of volumes 
B to E relative to volume A are given in Table 1. 
TABLE 1. 
Relative Ratio of 
Volumes Volumes 
A : B 1 : 1,84 
A : c 1 : 2,22 
A : D. 1 : 2,33 
]. 
A : D 1 : 2,38 r 
A : E 1 : 2,42 
Where volume (D. 
]. 
- C) represents the in situ cell. 
(D - C) represents the standard 10 cm path length r 
infrared ce{i· 
(E - D) represents e reactor. 
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3.2 GAS PURIFICATION: 
The hydrogen, obtained from a cylinder, was purifiedl40 by 
first passing it through a trap cooled in liquid nitrogen which 
removed the water vapour present. The gas was then passed over copper 
0 turnings heated to a temperature of 360 C to remove oxygen; followed 
by an activated charcoal trap also cooled in liqufd nitrogen. The 
latter removed any other unwanted gases or vapours from the hydrogen 
stream. 
Carbon monoxide, also obtained from a cylinder, was puri-
fied 140 by passing it through a trap cooled in liquid nitrogen, and 
then through an activated charcoal trap also cooled in the same 
manner. The former trap removed the impurity iron carbonyl, and the 
latter any other impurities. 
Both gases were stored, after purification, in glass bulbs 
pre-evacuated to 10- 6 Torr. Alternatively, a stream of purified 
hydrogen was passed over a catalyst sample for 'reduction' purposes. 
The charcoal trap was re-activated after each 'reduction' by heating 
0 to temperatures of > 300 C, under vacuum, for about three hours. 
3.2.1 
Unless otherwise stated pure carbon monoxide and hydrogen 
were admitted to the sample cells at room temperatures in the 
pressure ranges 
(i) 10 to 15 Torr and 65 to 85 Torr respectively for the 
reactor experiments; and 
(ii) 1 to 2 Torr and 10 to 15 Torr respectively for the 
in situ cell experiments. 
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The method of introduction of these gases into the reactor·. 
and in situ cell has been described in Appendix 1. 
3.3 ADSORBENT PREPARATION: 
3.3.l Nickel, Iron, and Cobalt Catalysts for use in the Reactor: 
Samples used in the reactor experiments were prepared by 
mixing silica ("Cab-0-Sil") with a solution of a salt of the metal 
·.-/ ,, 
- :/ 
until a slurry was obtained. The mixture was dried for a few hours 
within the temperature range 100 to 120°c, and then ground into a fine 
powder using a mortar and pestle. Between 0,4 and 0,7 g of the powder 
was placed in the main body of the reactor and kept in position with 
glass wool. The salt was decomposed to the oxides in situ by heating 
at high temperatures for 3 to 5 hours whilst under vacuum, and then 
reduced to the metal in flowing hydrogen for longer periods, still 
maintaining a high temperature. Purified hydrogen was used during 
this latter procedure. To prevent mercury poisoning of the catalyst 
a liquid nitrogen trap was placed between the sample cell and the 
manometer. Also a flow meter was installed at the end of the gas line 
to ensure that the air did not diffuse back to the sample. 
Various catalyst samples were prepared. Full details of 















































































































































































































































































































































Higher reduction temperatures were necessary for the iron 
and cobalt catalysts as thermodynamically both metals are more 
difficult to reduce from their oxides than is nicke1107, To 
facilitate the reduction of iron a small quantity of copper was added, 
as shown for catalyst type Fell. 
3.3.2 Nickel, Iron, and Cobalt Catalysts for use in the in situ 
Cell: 
Samples of silica supported metals used in the in situ cell 
were prepared as thin circular discs of diameter 25 mm and approximate 
thickness 0,25 mm. It was found that on pressing discs directly from 
the bulk powders, (described in Section 3.3.l) they tended to crumble 
and had a mottled appearance indicative of inhomogeneity. The 
bevelled mouth of the die was reduced in an attempt to improve on the 
quality of the discs. Also, conditions for pressing, times and 
pressures, were varied. However, all attempts to overcome these two 
problems proved unsatisfactory. 
The only discs which could be prepared from the bulk powder 
with relative ease were those of iron acetate on silica. The powder 
was prepared from a mixture of the two compounds slurried with alcohol, 
and contained 2,5 wt. % iron; type FeIV, Table 3. By slurrying with 
either acetone or alcohol the powders had a more feathery fluffy-like 
consistency than those slurried with water. This markedly improved 
the binding effect during pressing, but did not overcome the problem 
of the mottled appearance. Furthermore, discs prepared this way were 
almost completely opaque to infrared radiation. 
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Therefore a new method was tried in which pressed silica 
discs were simply dipped for a few seconds into a solution of a metal 
salt, (designed to yield 5-6 wt. % of the metal), and allowed to dry 
in a desiccator. T:iis method, referred to as the "dip" method, 
produced stable d.i.scs, i.e. , they did not crumble or crack. They 
also had a homogeneous appearance. All discs were then decomposed, 
reduced, and degassed in situ in a similar way to that described 
for the reactor catalysts, see 3.3.l. 
The various catalysts .studied , their composition and 
conditions of preparation are given in Table 3. 
The metal content for those discs prepared by the "dip" 
method was determined simply by weighing each disc before and after 
"dipping" into a salt solution, and also when dry. This afforded 
the weight ratio,silica to metal salt. The method provided a 
reasonable estimate of the metal content, having an error of 




Catalyst 'Solution' Concentration Weight Decomposition/ Reduction 
Type 
Salt/ of salt in % Reduction Time, hr. 
Solvent 'Solution' of Metal Temgeratures, 
w/v % c. 
N l Ni(N03)2•6H20/ 50% 5,5 - 270 - 320 10 - 22 
water 6,5 
N 2 Ni(N03)2•6H20/ 25% 3,0 - 270 - 320 11 - 22 
water 3,5 
F l FeOH•(CH3C00)2 4,0 - 390 - 420 6 
Absolute alcohoJ 40% 4,5 
F 2 Fe(N03)3•9H20 45% 4,5 - 390 - 465 6 - 24 
Cu(N03)2•3H20 0,27% 5,0(Fe) 
water 
F 3 Fe(N03 h · 9H20 22,5% 2,5 - 390 - 410 7 
Cu(N03)2·3H20 0,135% 3 ,O(Fe) 
water 
c l Co(N03)2·6H20 50% 5,5 - 385 - 430 12 - 22 
Acetone/Water 6,0 
50 mls/8 mls 






3.4.1 Procedure - reactor experiments: 
Several procedures were adopted in which the order of 
addition of reactants was of prime importance. These are discussed 
in detail below, and the notation given for each is. used when 
presenting the results in Chapter 4. For example, the notation 
CO-H2-llH means that the catalyst was subjected to carbon monoxide, 
hydrogen, and heating in that order, and conforming to the procedure 
set down in Section 3.4.(1.1). In procedures 1.1 to 1.7 inclusive 
the reactor contained an aliquot of prepared catalyst sample. 
(1.1) CO - H2 - llH: 
A background spectrum over the frequency range 4000 to 
-1 
1000 cm was recorded with the reactor and 10 cm infrared cell pre-
evacuated to 10- 6 Torr and at room temperatures. Carbon monoxide 
was then admitted and the system was allowed to reach equilibrium 
over a period of 1 hr. Durin_g this time either the appearance of 
the band assigned to free Ni(C0)4 was observed by monitoring at a 
-1 
constant frequency, at 2063,6 cm ; or the complete spectrum (4000 
-1 
to 1000 cm ) was re-recorded. Hydrogen was then added to give a 
CO/H2 mixture, with the H2 : CO ratio ~ 5 : 1. After allowing 
the system to stand a further ~ hr. the reactor was then heated 
slowly using the 'thermal programme', (see Section 3.1.4). During 
heating the appearance of one of the following gases, Ni(C0)4, CH4, 
and C02 was observed by monitoring at a constant frequency of 
2063,6; 3017,5; 
-1 




cm corresponded to the v3Q branch of methane; and that of 
2334,2 
-1 
cm to the Pia rotational line of the v3 asymmetric mode 
Finally, the complete spectrum (4000 to 1000 cm-1 ) was 
0 recorded when the reactor had reached a temperature of 400 C. 
(1. 2) CO/H2 - L'IH: 
For this and subsequent procedures two actions were always 
carried out, namely (i) the H2 : CO ratio was regulated to give a 
value of ~ 5 : l; and (ii) a background spectrum (4000 to 1000 cm-1 ) 
was first recorded under conditions similar to those described in 
procedure (1.1). 
This experiment involved the admission of a CO/H2 mixture 
to the reactor and infrared cell. The system was allowed to reach 
equilibrium over a period of 1 hr., during which time either the 
Ni(COh band was monitored or a spectrum was scanned. The reactor 
was then heated slowly as before and the methane Q branch monitored 
-1 
at a frequency of 3017,5 cm • The full spectrum was recorded again 
when the reactor had reached 400°c. 
(1. 3) H2 - CO - t.H: 
Here hydrogen was admitted first and the system allowed to 
reach equilibrium over a period of ~ hr. Carbon monoxide was then 
,added, giving a CO/H2 mixture, and the system allowed to stand for a 
further 1 hr. At this stage, either the Ni(C0)4 band was monitored 
or a spectrum was scanned in the usual way. The reactor was then 
heated using the 'thermal programme' and only the methane Q branch 
- 62 -
was monitored. Once again a full spectrum was taken when the reactor 
0 
had reached 400 C. 
( l. 4) CO - t.H: 
This time only carbon monoxide was admitted and either the 
Ni(C0)4 band monitored or the spectrum was scanned during the 1 hr. 
standing period. The reactor was then heated in the usual manner, and 
the presence of C02 was investigated by monitoring at a frequency of 
-1 
2334,2 cm . A full spectrum was recorded, as before, after the 
heating programme. 
(1. 5) CO - evacuate - H2 - t.H: 
For this experiment the same procedure applied in (1.1) was 
adopted with the inclusion of an additional stage, .that of evacuation. 
Thus, after the admission of CO and before the addition of H2 the 
entire system was evacuated at room temperatures for a period of 
10 min. Whilst heating, only the methane Q branch was monitored. 
(1.6) CO/H2 - cool. 
With the system evacuated to 10-6 Torr and the reactor at 
0 a temperature of 430 C, a CO/H2 mixture was admitted. The system was 
then allowed to reach equilibrium at that temperature over a period of 
0 1 hr. after which the reactor was cooled slowly to about 210 C. 
During the entire procedure only the methane Q branch was monitored. 
(1. 7) CO/H2 - fixed temperature: 
This procedure was applied to cobalt catalysts only. With 
the reactor and infrared cell pre-evacuated to 10-6 Torr, the reactor 
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was heated to a fixed (specific) temperature. A CO/H2 mixture was 
then admitted to this system. The methane Q branch was then monitored 
continuously for a period of 2 hr. whilst still maintaining the reactor 
at a constant temperature. After monitoring, the methane fundamental 
-1 
band was recorded over the frequency range 3200 to 2800 cm This 
procedure was repeated for various temperatures. 
(1.8) Ni(C0)4 - blank 1: 
This experiment involved the heating of Ni(C0)4 together with 
H2 and CO but in the absence of catalyst. For practical purposes the 
10 cm infrared cell was replaced by the in situ cell, which in turn was 
connected to the reactor, as the former was not equipped with a heating 
assembly. Nickel tetracarbonyl was produced in the reactor in the usual 
way by allowing CO to come into contact with the nickel catalyst at 
room temperatures, but in the absence of hydrogen. When sufficient 
Ni(C0) 4 had been produced, the in situ cell (containing the gases 
Ni(C0) 4 and CO) was isolated from the reactor by closing the stopcock 
between them. Hydrogen was then added to the contents of the cell, and 
heating commenced using the 'thermal programme'. The Ni(C0)4 band, at 
2063,6 cm-1 , was monitored throughout the experiment. 
(1.9) CO/H2 - blank 2: 
Here a CO/H2 mixture was contained in the reactor and 10 cm 
infrared cell, but in the absence of catalyst, while the reactor was 
heated in the usual way. Spectra were recorded over the frequency 
-1 
range 4000 to 1000 cm when the reactor was at room temperatures and 
at 400°C. 
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A 'blank', consisting of an evacuated 10 cm infrared gas 
cell fitted with CaF2 windows, was placed in the reference beam of 
the spectrometer during the recording of spectra for all the 
experiments described above. This established the more sensitive 
differential technique and produced a flat 100% Transmittance line. 
3. 4. 2 Procedure - in situ cell experiment.s: 
The technique applied to the reactor catalysts, whereby the 
order of addition of reactants was changed, was also used for the 
in situ sample discs. Three sets of experiments were carried out, and 
these together with some other procedures are described below. A 
'blank' silica disc, held in an evacuated 10 cm infrared gas cell, was 
placed in the reference beam of the spectrometer in order to flatten 
the 100% Transmittance line over the range of most interest. 
(2.1) 
The various procedures of altering the order of addition 
of reactant gases, e.g. CO-H2-~H, CO/H2-~H,H2-CO-~H, and CO-~H were carried 
out in a similar manner to that described in Section 3.4.1 excepting 
that the lower gas pressures applicable to the in situ experiments were 
used. At the. end of each stage, and also at half hourly intervals while 
the cell was being heated, spectra were scanned over the frequency range 
2300 to 1700 cm-l This frequency range was chosen because it 
adequately covered any possible absorptions which could be assigned to 
the carbonyl stretching frequency of adsorbed CO species. The same 
time intervals were allowed for the system to attain equilibrium after 
the admission of reactant gases, and the in situ cell was heated slowly 
using the 'thermal programme'. At the start of each experiment a 
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'background' spectrum was recorded, over the same frequency range, 
when the in situ cell was at room temperatures and evacuated to a 
P"'ess""'e of 10- 6 Torr. ''B k d' t 1 d d t ~ ...,... ac groun spec ra were a so recor e a 
half hourly intervals when the catalysts were heated slowly in 
the absence of reactant gases. These latter spectra served as 
'blanks'. 
(2.2) 
Here the same procedures were adopted as in (2.1) but an 
evacuation period was included. Thus each system was evacuated for 
10 min. when at room temperatures, after the admission of CO but 
prior to heating the catalyst. Therefore they can be re-written as 
follows: 
(i) CO - evacuate - H2 - ~H 
(ii) CO/H2 - evacuate - H2 - ~H 
(iii) H2 - CO - evacuate - H2 - ~H 
(iv) CO - evacuate - ~H. 
In some instances, as shown, a further aliquot of hydrogen was added 
after the evacuation period. This allowed the system under investig-
ation to comprise essentially of adsorbed CO in an atmosphere of 
hydrogen. Generally, spectra were scanned after each stage of a 
procedure over the frequency range 2300 to 1700 cm-1 with the systems 
still at room temperatures; and a given species was monitored at a 
constant wavenumber during the heating programme. 
For nickel catalysts the adsorbed species which were 
monitored were termed A, B, and C with maxima at frequencies of 
-1 
1900, 2030, and 2056 cm respectively. Species B was monitored for 
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all procedures, whereas only procedures (i) and (iv) were applied to 
species A and C. It was not necessary to carry out all the above-
mentioned experiments for the iron and cobalt catalysts. For cobalt, 
procedure (ii) was omitted. While heating the cellsan adsorbed 
species on cobalt, termed species B, was observed during every experi-
ment by monitoring at a frequency of 2020 cm-1 • Only for procedure 
(iv) was a species, termed C, monitored at 2181 cm-l Unfortunately 
only procedure (iv) could be applied to the iron catalysts because of 
their relative inactivity. However, during the heating programme 
adsorbed species, termed A and B, were monitored at frequencies of 
-1 
1980 and 2169 cm respectively. 
(2.3) 
The effect of a heating/cooling procedure was investigated 
(chiefly for nickel catalysts) in which only carbon monoxide was 
admitted to the system at room temperatures. The system was then heated 
slowly in the usual way using the 'thermal programme' until a temper-
0 
ature of 400 C was reached, and then cooled slowly back to room temper-
atures. This experiment was repeated with the addition that after 
allowing the system to stand overnight it was evacuated for 1 hr. at 
room temperatures followed by reheating to 400°c. Throughout both 
experiments spectra were scanned co~tinuously over the frequency range 
. -1 
2300 to 1700 cm . 
A similar experiment was carried out wherein the CO was only 
admitted when the catalyst was at a temperature of 400°c. The system 
was then cooled slowly as before. Approximately 1 Torr CO pressure 
was found to be sufficient when studying nickel catalysts, but higher 
j 
- 67 -
pressures were required for cobalt. On one occasion, however, the 
heating/cooling cycle was applied to nickel using a pressure of 
12 Torr. 
A spectrum was recorded when the system had been evacuated 
for 1 hr. at room temperatures after the admission of CO on an other-
wise 'cleaned' nickel surface. This provided a comparison to show 
the effect of prolonged evacuation under different conditions. 
Miscellaneous experiments such as varying the CO pressure 
and 'check' spectra for the silica disc reference will be covered 
separately in the following Chapter. 
3.4.3 Experiments on the Rate of Carbon Monoxide Diffusion: 
In the course of the reactor experiments an interesting 
phenomenon was revealed. 
(i) On mixing the two reactant gases, for procedures 
CO - H2 - ~Hand CO/H2 - ~H,the presence of hydrogen (which was usually 
added after CO) caused an_ irrunediate increase in intensity of the CO 
-1 fundamental at a frequency of 2143 cm • This was contrary to the 
expected decrease as, on mixing, the CO should then occupy a 
larger volume. 
(ii) Frequently, when applying the procedure H2 - CO - ~H,no CO 
-1 
absorption band at 2143 cm · was observed at all. This was then 
followed by the fact that no methane was detected on heating the 
catalyst. Here the step which involved mixing of the two gases com-
prised of opening the stopcock between volumes A and (E-A), which 
- 68 -
contained CO and H2 respectively. 
Clearly the method used for admitting the reactant gases 
into the reactor and infrared gas cell was incorrect. Therefore a few 
experiments, conducted in the absence of catalyst, were necessary in 
order to solve these problems. 
Initially it was suspected that the CO was either being 
adsorbed onto the glass walls of the vacuum line when permitted to 
occupy volume E from a previous volume of (E-B), or was condensing 
in the liquid nitrogen trap, (volume (B-A)), when the volume 
occupied was changed from that of A to E. Some CO condensation must 
in fact take place because of the close proximity of the boiling 
0 points of the two liquids, N2 and CO, which are -195,8 and -191,5 C 
respectively. However, the liquifaction of CO would, at -19·5,s0 c, 
be dependent on the pressure and a state of equilibrium would exist. 
Nevertheless, although condensation would be low due to the low CO 
pressures used, the technique was altered such that, before mixing, 
CO first occupied volume B, and the H2 volume (E-B) for the procedure 
H2 - CO - liH. However, both problems still remained. CO adsorption 
on the glass walls of the vacuum line was eliminated as a possible 
explanation because the proportion of adsorbed CO to free CO would be 
extremely low when using relatively high pressures demanded by the 
reactor experiments. 
Another explanation is that the rate of diffusion of CO into 
a volume,otherwise occupied by another gas,is decreased. The set of 
experiments, described in Appendix 1, proved this to be the case and 
the following conclusions were made:-
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1. The rate of diffusion of CO from a volume V1 into a volume 
V2, (where V2 > V1), was found to be (a) very rapid when the volume 
(V2 - V1) was pre-evacuated, and (b) very slow when (V2 - V1) was 
otherwise occupied by another gas, e.g. H2 or air. 
2. The CO diffusion rate was surprisingly slow under the con-
ditions given in 1. (b) above. Experiment A.1.2 showed that mixing 
of H2 and CO was still incomplete even after 5 hr. standing at room 
temperatures. 
3. On mixing CO with H2 or air, when CO previously occupied 
volume (D-C) and the other gas had occupied volume C, an immediate 
-1 
increase in intensity of the CO fundamental at 2143 cm was observed, 
providing the CO pressure did not exceed that of the other gas prior 
to mixing. The observed increase in intensity was analogous to a 
'pressure broadening' effect. 
With this information the experimental procedure H2 - CO - ~H 
was modified to afford more meaningful results simply by allowing more 
time for the two gases to mix and by increasing the CO pressure in 
volume B prior to mixing. Thus, during mixing, the CO fundamental, 
-1 
within the frequency range 2200 to 2020 cm , was observed over a 
period of time until sufficient CO had .diffused into volume E-B. No 
alteration in procedure was required for the other experiments because 
the H2 pressure was always maintained to give an H2 : CO ratio of at 
least 5 : 1. It must be remembered that the entire work was designed 




4.1 THE REACTIONS OF CO AND H2 ON SILICA SUPPORTED NICKEL 
CATALYSTS. 
The results obtained from the interaction of carbon monoxide 
and hydrogen on silica supported nickel catalysts will be presented in 
the same format, for both reactor and in situ cell experiments, as 
that given in the Procedure, Section 3.4. For example, the notation 
CO - H2 - Lili means that the results correspond to the procedure, set 
down in 3.4 (1.1) in which the catalyst was treated with CO followed 
by H2 and then heated. 
4.1.l Reactor experiments - Nickel: 
The following results were obtained using catalyst type 
NiI, which contained 5 wt. % Ni on Si02 and was prepared from the 
nitrate. 
(1.1) CO - H2 - t.H: 
The complete spectrum recorded after the reactor had reached 
a temperature of 400°c is shown in Figure 7. 
-1 
The strong sharp band at a frequency of 2063,6 cm together 
-1 with the weak band at 2024 cm clearly indicate the presence of 




FIGURE 7. Spectrum of products at 400°0 from CO followed by 
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was assigned to the isotopic carbonyl speciesl66, Nickel carbonyl 
formation was observed by the steady decrease in transmittance with 
-1 
time at a frequency of 2063,6 cm when the catalyst was allowed to 
stand in the presence of CO alone at room temperatures. Its formation 
was very rapid, usually being detectable within 5 min. of admitting 
CO to the system. This result can be compared with_ that of Ludlum 
and Eischens 1 09 on the formation of nickel carbonyl by the action of 
CO in stainless steel infrared cells. 
Therefore 1 since these bands occur in the same region as 
those given by chemisorbed CO on nickel>they must be taken into con-
sideration when interpreting the spectra of CO adsorbed species, 
Section 4.1.2. 
The presence of methane was shown by its v 3 and v4 bands 
at frequencies of 3017,5 and 1305 cm-l respectively 167, Both bands 
exhibited the rotational fine structure characteristic of small 
molecules. 
Figure 8 shows the change in absorbance with temperature on 
-1 
monitoring the appearance of methane at 3017,5 cm • Clearly no 
0 
methane was formed below temperatures of 190±5 C, (463 K), and a 
steady increase in absorbance was observed thereafter. Although no 
quantitative measurements were recorded,the amount of methane produced 
in the reaction was considerable; a good measure of the catalyst's 
activity with respect to hydrocarbon formation. However, no other 
hydrocarbon, either saturated or unsaturated, could be detected by 




















































































































































































































Another product observed for this system,when at high 
temperatures,was carbon dioxide. This was shown by the increase in 
-1 
intensity of the v3 fundamental at 2350 cm over the background 
spectrum, Figure 7. An attempt was made to observe the appearance of 
co2 , as the temperature was gradually increased, by monitoring at a 
-1 
constant frequency of 2334,2 cm . Unfortunately a poor result was 
obtainedtpartly due to a very low signal to noise ratio. Neverthe-
less, a steady decrease in transmittance was observed over the 
0 temperature range 100 to 400 C. None, or very little, H2ovap. was 
detected as a by-product in this reaction as shown by Figure 7. 
(1.2) CO/H2 - ~H: 
The spectrum recorded when the reactor had reached a temper-
ature of 400°C, see Figure 9, showed that although methane was 
produced,none, or very little, Ni(C0)4 and C02 were detected. The 
-1 
absence of Ni(C0) 4 was confirmed by monitoring at 2063,6 cm 
whilst the system was at room temperature during the 1 hr. standing 
period. No decrease in transmittance was observed.contrary to that 
found in (1.1). Once again, monitoring at 3017,5 cm-l on heating 
demonstrated that methane was formed only at temperatures above 
190±5°C. Also,contrary to the results in (1.1), trace amounts of 
H20 were produced during the reaction. However, the fact that vap. 
H20vap. was given as a by-product under these conditions must remain 
suspect, as frequently the amount present in the atmosphere fluctuated 
markedly, although the laboratory was humidity controlled. 
(1.3) H2 - CO - ~H: 






Spectrum of products at 400 C from a CO/H2 mixture 
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with hydrogen.to those observed for a CO/H2 mixture. Figure 10 
demonstrates this, and is marked by a definite absence of a band 
uttributable to Ni(C0)4. The result was confirmed by monitoring at 
-1 
2063,6 cm as before, (1.2). No decrease in transmittance occurred. 
Once again 0 methane was formed only at temperatures above 190±5 C. 
(1.4) CO - 6H: 
In this experiment Ni(C0) 4 was formed 1 as expected,when the 
system containing CO was at room temperatures; and C02 was given off 
during the heating programme. · These two gases were the only products 
of the reaction as shown by Figure 11, the recorded spectrum when 
the reactor had reached 400°c. Once again, the appearance of co2 
was shown by the steady decrease in transmittance at temperatures 
0 -1 
above 100 C at a frequency of 2334,2 cm . This confirmed the result 
obtained in (1.1). 
(1.5) CO - evacuate - H2 - 6H: 
During the l hr. standing period, after the admission of 
CO, Ni(C0) 4 was formed as previously found. Evacuation for 10 min. 
removed this and the CO from the gas phase. This left the system con-
taining catalyst and essentially chemisorbed CO only. After the 
addition of hydrogen,followed by the heating programme, the complete 
spectrum, given by Figure 12, showed methane to be the only product. 
Considering this experiment was carried out on an aged/sintered 
sample, i.e., one which had repeatedly been subjected to temperatures 
above 400°c (of necessity for 'cleaning' the sample) the amount of 




Spectrum of products at 400 1C from H2 followed by CO 
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FIGURE 11. 0 Spectrum of products at 400 C from CO adsorbed on 













































that Ni(C0)4 is unlikely to be involved in the reaction mechanism, 
but also demonstrates very simply the sample's 'catalytic' properties. 
Thus the statement, "interaction with the surface complex is definitely 
a stage in the reaction mechanism", is verified by the above result. 
(1. 6) CO/H2 - cool: 
On admission of a CO/H2 mixture to the reactor,when at 
0 430 C • an immediate reaction occurred as shown by the production of 
methane. 
-1 
Monitoring at 3017,5 cm revealed that methane formation 
was fairly slow at this temperature, and after a period of about 1 hr. 
the reaction ceased and an equilibrium was reached. On cooling the 
0 
system to 210 C a further aliquot of methane was given, although the 
total amount observed at the end of the experiment was small in com-
parison with earlier results. Complete spectra, recorded when the 
reactor was at 430°C and also at the end of the procedure, showed 
that C02 was formed as a by-product in the reaction. 
Clearly the upper temperature limit for methane formation 
is >430°c. This suggests that even at these high temperatures CO 
must still become adsorbed onto the catalyst's surface. 
(1. 7) Ni(C0)4 - blank 1: 
The objective of heating Ni(C0) 4 with H2 and CO, but in 
the absence of catalyst~was to observe the effect of high temperatures 
on the carbonyl and to determine its involvement, if any, in methane 
production. Hence the system containing only Ni(C0)4, H2, and CO 
was heated as described in Section 3.4 (1.8) whilst monitoring the 
- 81 -
-1 
carbonyl frequency at 2063,6 cm Figure 13 shows the decrease in 
absorbance with increase in temperature~which was attributed to the 
rapid decomposition of Ni(C0)4 over the range 150 to 195°c. Com-
parison of spectra, taken at room temperatures and at 400°c, revealed 
the disappearance of the Ni(C0)4 bands at 400°c, but an appreciable 
increase in the amount of free CO at this temperature. No methane 
was detected at any stage of the procedure. 
(1. 8) CO/H2 - blank 2: 
Similar spectra were obtained with the reactor at room 
temperatures and 400°C with only a CO/H2 mixture in the system. A 
small increase in intensity of the CO fundamental at 2143 cm-l was 
0 
observed, as expected, when at 400 C, but otherwise no other differences 
were given. This result demonstrated that the system was 'well behaved' • 
4.1.2 In situ cell experiments - Nickel: 
Unless otherwise stated, the following results were obtained 
using sample discs of catalyst type Nl, 5,5 - 6,5 wt. % Ni, prepared 
from the nitrate by the 'dip' method. After reduction and degasing of 
these discs a 'background' spectrum was always recorded, over the 
frequency range 2300 to 1700 cm-1 , prior to the admission of reactant 
gases. The double-beam technique was employed by placing a 'blank' 
pressed silica disc, contained in a 10 cm infrared·gas cell, in the 
reference beam of the spectrometer. The gas cell was evacuated to at 
least 10-3 Torr pressure. A 'background' spectrum usually varied 
between 60 and 90% Transmittance. Outside the range of interest the 






























































































































































A typical spectrum,given by CO chemisorbed on an Nl catalyst 
surface when at room temperatures,is shown by Figure 14. A very 
-1 
strong broad band in the frequency range 2090 to 2050 cm was observed, 
-1 -1 
having maxima at 2080 and 2055 cm , (± 2 cm ), The two maxima were 
classified as bands B and C respectively. A very broad band of medium 
intensity was also found, and had its maximum in the range 1925 to 
-1 
1935 cm . This latter band was classified band A. A characteristic 
of band A was that it always exhibited a low frequency tail, often with 
a weak but broad inflection point at about 1850 cm-1 • This inflection 
was attributed to vibrations of adsorbed species,similar in their 
structure to those giving rise to band A, see Chapter 5. These· 
absorptions agree well with the observations of Ferreira and 
Leisegang28 • 
The spectrum shown in Figure 14 was only observed when the 
catalyst was treated with either CO alone or alternatively CO followed 
by H2 at room temperatures. It is interesting to note that on addition 
of H2 at room temperatures to a Ni/Si02 catalyst,pretreated with CO 
also at room temperatures,the spectrum remained unaltered. This was 
contrary to the findings of othersB 1 , in which the admission of H2 not 
only broadened the CO bands but also shifted them to lower frequencies. 
However, at these same temperatures, on pretreatment with 
H2 followed by CO, or on admission of a CO/H 2 mixture to the catalyst. 
the CO absorption spectrum was altered. Under these conditions only 
-1 
band B was observed in the region above 2000 cm . This appeared as a 
strong but narrower absorption having its maximum at a frequency of 
-1 -1 






























































































with no apparent change in shape. A typical spectrum demonstrating 
this single absorption above 2000 cm-l is clearly shown in Figure 15. 
On heating the catalyst, in the presence of either CO or 
CO and H2, the spectrum was found to undergo a number of changes. 
However, before these changes are discussed, it is necessary to record 
the changes that occurred in the 'background' spectrum on heating the 
catalyst in the absence of reactant gases. The spectra recorded at 
half-hourly intervals showed a decrease in transmittance with increas-
ing temperature. This was particularly marked over the frequency range 
-1 -1 
1850 to 1700 cm . Consequently the band found at 1850 cm became 
of little interest in this work for this reason, and also because of 
the band's own general very broad appearance. The above effect, 
however, was found to be temperature reversible and the original 
'background' spectrum was re-obtained on allowing the system to 
return to room temperatures. 
During the heating programme, after either CO pretreatment 
followed by H2 or on admission of CO alone, only one band was observ-
ed in the region above 2000 cm-l instead of two. Thus at temperatures 
of about l00°C the only band given in this region occurred near 
-1 
2065 cm , and was assigned as band B. On further heating, this band 
shifted to even lower frequencies. At the same time band B was 
observed to decrease in intensity, slowly at first and then more 
rapidly at temperatures > 200°c. The band shifts and reduction in 
band intensities at elevated temperatures are clearly shown in 
Figure 16. Band B similarly shifted to lower frequencies for those 
























































































































































































































































































































































































































































































































































subjected to CO and,on treatment with a CO/H2 mixture. This effect 
is shown in Figure 17 for a CO/H2 mixture. 
The frequency shifts observed for band B are also given in 
Figure 18. Here the band's maximum was simply plotted at various 
temperatures during the heating programme in an attempt to observe the 
trend to lower frequencies more closely. The scatter of results can 
be explained by two factors; (i) the slight variations in experimental 
conditions used for the separate procedures, such as variations in the 
H2 : CO ratio; and (ii) the aged/sintered condition of the samples 
which was not taken into consideration when formulating these results. 
But despite the scatter, two lines can be drawn to indicate the general 
trends. One line corresponds to the experiment in which only CO was 
present, and the other to those procedures which involved both H2 and 
CO. It can be seen that the frequency shift for the latter is more 
pronounced, an indication that a reaction had occurred between the 
two gases. 
Band A also shifted to lower frequencies on increasing the 
temperature, but this shift did not appear to be as pronounced as 
that given by band B. Unfortunatelyasatisfactory measurements could 
not be made on band A because of the band's general very broad 
appearance. 
(2.2) 
Evacuation of each system for 10 min., at room temperatures 
and prior to heating the catalyst, had the following effect. With CO 
alone or on CO pretreatment followed by H2, the spectrum recorded 
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2000 2050 2100 
cm-1 
FIGURE 18. Plot of band B frequency as a function of temperature: 
( 0) CO followed by H2; ( /:;) CO/H2 mixture; ( D) H2 followed by CO; 
(o) CO alone. The lines drawn indicate the general trends, (see 
text). 
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This was accompanied by a very small decrease in band intensity. The 
single band had its maximum at about 2074 cm-l The spectrum after 
evacuation is shown in Figure 19 together with the spectrum taken 
prior to this step, and is of similar shape to that shown by heating 
0 
to 100 C, ((2.1), Figure 16). With H2 followed by CO, or with a 
CO/H2 mixture,the spectrum recorded after evacuation showed that 
-1 
band B had shifted by approximately 6 cm to lower frequencies, and 
also decreased slightly in intensity, Figure 20. In all cases band A 
also decreased in intensity, but no apparent frequency shift was 
observed. Evacuation at room temperatures for longer periods, e.g. 
l~ hr., had very little further effect on the spectra regardless of 
the procedure. 
After evacuation and the addition of a further aliquot of 
H2 the heating programme was commenced. Results of monitoring at a 
-1 
frequency of 2030 cm are given in Figure 21. The frequency of 
-1 
2030 cm was chosen to demonstrate the effect of temperature on 
band Bin the methane formation temperature range, viz., 190°C-
reactor experiments. This frequency was possibly a little low but 
the effect as shown in the Figure was very marked. Namely, a very 
sharp decrease in absorbance was given, which occurred at approximately 
190°C (463 K), in all cases in which CO d and excess H2 were a s. 
simultaneously present, but which did not occur when only CO was 
present. With the latter procedure CO appeared to remain firmly held 
0 onto the catalyst surface until temperatures of 250 to 260 C (about 
530 K) were reached; and thereafter up to 400°c band B decreased in 
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observed, and only disappeared on evacuating the system as shown in 
the Fif; 1Jre. It was concluded that the loss in intensity of band B ~ 
throug~out this latter procedure.was a measure of the desorption of 
the CO species giving rise to B. The fact that this band was still 
observed quite clearly at temperatures as high as 400°c suggests that 
sc~e CO was still firmly held on the metal surface. However, although 
this will be discussed in more detail in the next chapter, the con-
clusions do coincide with those made in Section 4.1 (1.6) in which 
it was seen that methane could still be formed at temperatures 
0 
~ 430 c. 
For all procedures an initial increase in absorbance was 
0 given over the range 25 to 150 C. This was attributed to the band 
shift to lower frequencies, an effect more predominant at these lower 
temperatures than the corresponding decrease in band intensity. 
-1 
The effect of heating on band C, at 2056 cm , with only 
CO present and without evacuating the system, is shown in Figure 22. 
A considerable decrease in absorbance can be seen to occur within the 
35 8ooc. temperature range to The same result was obtained using discs 
of catalyst type N.2, of 3-3,5 wt. % Ni content. 
For the procedure (CO - evacuate - ~H).adsorbed CO giving 
-1 
rise to band A at 1900 cm was firmly held onto the surface until 
temperatures ~ 230°C were reached. Only then was band A found to 
decrease in intensity. 
-1 
The monitoring of band A at 1900 cm was made 
impossible above 300°c due to' the change in 'background' with temper-









FIGURE 22. Plot of absorbance as a function of 
at 2056 Cm-l d d b d co temperature ue to a sor e on 
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The effects of a heating/cooling cycle on band B are shown 
in Figures 23, 24, and 25. 
Firstly, Figure 23 demonstrates once again the shift to 
lower frequencies and decrease in band intensity with increase in 
temperature, on heating the catalyst in the presence of CO; compare 
earlier results (2.1). It is interesting to note that only one maximum 
was observed,with the system while at room temperatures~and not two, 
contrary to that found in (2.1). This can be accounted for by the 
following modification of the experimental procedure. The in situ 
cell, containing the sample disc, was opened to the vacuum line to 
admit CO for a few seconds only and not the customary ~ hr. Then, 
as soon as a spectrum was recorded,.the cell was heated in the usual 
manner. Thus,in effect,minimal time was allowed during which the CO 
was in contact with the catalyst at room temperatures. Clearly further 
discussion on this point is required, but will be covered in Chapter 5. 
After heating, the system was allowed to cool slowly back to room 
temperatures over a 3 hr. period, while spectra were again recorded 
at various temperatures. This cooling effect is adequately shown by 
the three plots in Figure 24. A frequency shift was observed to occur 
in the opposite direction, but this time it followed a different path. 
The band also increased in intensity on cooling but never attained its 
original height. Band B, on returning to room temperatures,had only 
-1 
one maximum, and not two,.which occurred about 2050 cm • 
The system was then allowed to stand overnight at room 
temperatures. The recorded spectrum showed no change in the band's 








































! / \ 
11 \ 
/I \ . 
A
l/......... \ 
// \ \ 
i \ I 
. \ 
/;
/ \ I 
j/ ~ I 
I I I I 
i i I 
I · · I 
I _I ~ I 
I / I I 
/ / j I 
/ .... ...--·· .... : \ \ \\. 
_./ \ \ \ 
\ \ \ 
'1 
\ I \ 
\ \ \ 
\ \ \ 
\ \ 
. \ \ 
.... \ \ 
\ ·, \ 




1001·-+--· -- . "'--,.+------·-··----·--+----· -·-- --+ 
2050 2150 
cm- 1 
FIGURE 23. Spectra of CO adsorbed on Ni/Si02 during heating 
(-)room temperatures; (---) 135°C; (-·) 300°C; 
(••••) 385°C. 
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FIGURE 24. Spectra of CO adsorbed on Ni/Si02 on 
cooling: (••••) 410°C; (---) 325°c; (-) 225°C 
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FIGURE 25. Spectra of CO adsorbed on Ni/Si02 on re-heating: 
(~)room temperatures, evacuation for 1 hr., and up to 
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period of 1 hr. again showed that there was no change. This is 
represented by the strongest absorption plot in Figure 25 which compares 
favourably with its counterpart in Figure 24. This provides strong 
evidence to show that the chemisorbed species giving rise to the band at 
-1 
2050 cm was very firmly held on the surface. The above can be com-
pared with the effect on band B of a 1 hr. evacuation period with CO 
chemisorbed on an otherwise 'cleaned' sample. Here a band shift to 
lower frequencies together with a decrease in intensity is observed. 
The heated/cooled system was finally re-heated, see Figure 25. The 
frequency shift now was found to be temperature reversible. 
The heating/cooling experiment was repeated for confirmation 
and the frequency maximum of band B plotted at various temperatures 
by recording the spectrum frequently. The result is given in 
Figure 26. On returning to room temperatures again only one band,and 
-1 
not two>occurred at high frequencies,with a maximum at 2053 cm 
The plot clearly shows the different path taken by the band shift on 
cooling. 
0 On admitting CO to the catalyst,when at temperatures > 400 C, 
followed by cooling,the position of band B was similar to that given 
by the previous cooling curve, see Figure 26. This time band B had 
its maximum at 2047 cm-1 , slightly lower than before. However, for 
all these experiments band B has been found within the narrow frequency 
-1 range 2047 to 2053 cm • The discrepancy could well be due to small 
changes in experimental conditions and the degree of sintering of the 
sample. On reheating the system the frequency shift was again shown 
to be temperature reversible, see the single line plot in Figure 26. 
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FIGURE 26. Plot of band B frequency as a function of temperature 
for CO adsorbed on Ni/Si02 (0) during a heating/cooling cycle; 
( b.) during cooling and after evacuation ( O) on reheating. 
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admission of 12 Torr CO, and then subjecting the catalyst to a 
heating/cooling cycle. Initially, the presence of CO gave rise to an 
extremely strong broad band which was at maximum absorbance, almost 
zero transmittance, over the entire frequency range 2090 to 2050 cm-l 
However, on heating and cooling,similar spectra were observed to 
those previously found, viz., band B shifted its position in the 
opposite direction, on cooling, but followed a different path. A 
-1 
final maximum was given in the range 2065 to 2070 cm . Furthermore, 
the intensity of B was very much reduced by the end of the experiment, 
again comparable with previous spectra. The relatively high CO 
pressure should have been sufficient to restore the status quo, i.e. 
identical spectra were expected at both the end and the beginning of 
the procedure. That this was not so,suggested that a side-reaction 
had occurred. Consequently on recording a spectrum (after the cooling 
cycle) 
-1 
over the frequency range 2600 to 2300 cm a medium sharp band 
-1 
was observed at a frequency of 2342 cm ; and the ~ntensity of the 
-1 
free co2 fundamental at 2345 cm could not have been attributed solely 
to 'background' . 
(2.4) 
Another phenomenon observed was that of ageing and/or 
sintering of the catalyst. After repeated use,during which the catalyst 
0 
was frequently subjected to temperatures in excess of 400 C (necess-· 
0 aryfor cleaning the samples, 400 to 420 C) the high wavenumber bands at 
2080 and 2055 cm-1 , (2.1), were replaced by a set of four bands. These 
are shoWn in Figure 27. Well defined maxima were given at 2063 and 
-1 -1 
2055 cm usually with shoulders at 2075 and 2051 cm This character-






















FIGURE 27. Spectrum of CO adsorbed on an aged/sintered Ni/Si02 
disc. 
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nickel content, type N2 catalysts. The four bands disappeared either 
on evacuation for 10 min. or on heating at 120°c for l hr. after which 
one band only was given, less intense than the others, with its maximum 
-1 . 
in the region 2065 to 2062 cm • 
The greater the degree of ageing/sintering the weaker the 
absorptions per given pressure of CO; an indication that the sample 
was becoming less 'active'. Usually samples were abandoned well before 
they reached this stage of inactivity. A similar effect 3 attributable 
to an ageing/sintering process,is illustrated in Figure 21. Here the 
three full line plots refer to the same catalyst sample and,as shown) 
the absorbance decreased with age of sample. 
(2.5) 
All the above results given in sections (2.1) to (2.4) 
inclusive were obtained using well reduced catalysts, and usually 
samples were abandoned as soon as oxidation became evident. Surface 
oxidation, caused either by incomplete reduction of the sample 
during preparation or by an air leak in the vacuum line, affected 
the spectrum of chemisorbed CO by giving rise to two additional bands. 
These were classified as bands E and F and found at frequencies of 
-1 -1 
2126 and 2185 cm , (± 3 cm ), respectively. The CO spectrum of an 
oxidised sample is illustrated in Figure 28. Both absorptions were 
very weak.although their intensity was found to increase with increase 
in oxidation of the catalyst. Furthermore, bands E and F readily 
disappeared on evacuation. These findings compare well with those of 

















FIGURE 28. Spectrum of CO adsorbed on an oxidised 







Tests were carried out on the silica disc reference to check 
noise and drift levels when monitoring at a constant frequency over 
long periods, and also to ensure that the silica provided no inter-
ference fringes within the range of interest 
-1 
(2300 to 1700 cm ). 
The results are given in Appendix 2. It was concluded that a silica 
disc, of comparable thickness to the sample, when placed in an 
evacuated 10 cm infrared cell, provided a satisfactory reference for 
this work. 
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4.2 THE REACTIONS OF CO AND H2 ON SILICA SUPPORTED IRON 
CATALYSTS. 
The results obtained for the interaction of carbon monoxide 
and hydrogen on silica supported iron catalysts were not as substantial 
as those of nickel. The main reason was considered to be the ease of 
reducibility of the metal oxides, as thermodynamically nickel oxide 
is reduced at high temperatures with considerable ease over that of 
iron oxide 107 • Although various parameters were explored to produce 
an 'active' iron catalyst (such as prolonged reduction times at 
higher temperatures, a reduction promoter, and use of different 
starting materials) conditions were controlled to simulate those 
used for nickel as much as possible.so that comparisons could be drawn 
between the results obtained for the two metals. 
4.2.l Reactor experiments - Iron: 
The four procedures; CO - H2 - 6H, CO/H2 - 6H, H2 - CO - 6H, 
and CO - 6H (Sections 3.4 (1.1) (1.4)), were applied in turn to each 
of the iron catalysts, types FeI, II and III. Spectra were scanned 
-1 
over the frequency range 4000 to 1000 cm before and after the reactant 
gases were admitted at room temperatures, and also when the reactor 
had reached 400°c. During the heating programme the methane Q branch 
-1 
was usually monitored, at a frequency of 3017,5 cm . The results 
were as follows. 
The interaction of CO and H2 on all catalyst types at 
elevated temperatures formed methane as the chief product. This was 
shown by the final spectra recorded when the reactor had reached 
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400°c. By monitoring at 3017,5 cm-1 methane was first detected at 
temperatures higher than those given for a nickel catalyst. The 
temperature ranges in which methane was first detected were (i) 200 
to 220°c for a freshly reduced sample; and (ii) 220 to 2so0 c for 
an aged/sintered sample. These temperatures were common for all 
catalyst types. 
Another common feature was that methane was detected by 
infrared as being the only hydrocarbon produced at high temperatures . 
on applying the procedure H2 - CO - 6H; Whereas for procedures 
CO - H2 - ~H and CO/H2 - 6H, when using catalysts Fell and III, 
trace amounts of ethane and propane were also given during the 
reaction. Invariably far more ethane was produced than was propane, 
and their presence was shown by broad but very weak absorptions in 
the infrared with maxima at about 2970 and 2880 cm-1 • These absorpt-
ions correspond to the CH3 and CH2 symmetric and asymmetric stretch-
ing frequencies. A typical spectrum recorded when the reactor had 
reached 400°c is given by Figure 29. The weak absorptions below 
-1 
3000 cm , although partly masked by the CH 4 P branch, are clearly 
shown; compare Ni, Figures 7 and 9. 
Confirmation of c2H6 and C3H8 as by products in the reaction 
was revealed by mass spectrometry, see Figure 30. Thus for a Fell 
catalyst the cracking, or fragmentation, pattern produced is indicative 
.of a methane/ethane/propane mixture. See Section 4.4 for further 
details. 




Spectrum of products at 400 C from CO 



















other two in a much that methane was usually the only hydrocarbon 
detected on applying the two procedures CO - H2 - ~H and CO/H2 - ~H. 
Only occasionally were there trace amounts of ethane produced, 
detected by infrared and confirmed by mass spectroscopy. The order 
of catalytic activity with respect to methane production, i.e., the 
relative amounts of CH4 formed, using freshly prepa~ed samples, after 
the reactor had reached 400°C, was found to be in the order: 
catalyst type, 
Fell > Felll > Fel. 
None of the iron catalysts were as 'active' as the nickel 
with respect to methane formation. However, catalyst Fell compared 
favourably, producing at least 2/3rds the amount of methane as that 
normally formed over a nickel catalyst. 
No iron carbonyls were detected by infrared during any 
_ experiment either at room or elevated temperatures. This can be com-
pared with the nickel results in which Ni(C0) 4 was readily produced 
on allowing CO to come into contact with the surface at room temper-
atures. Furthermore, for all catalysts, no significant increase in 
intensity was observed of the vibrations attributable to H20 and vap. 
C0 2 over that given by a 'background' spectrum for any procedure 
involving the two reactants CO and Hz. On one occasion only were there 
trace amounts of C02 and H20 detected by mass spectroscopy on vap. 
applying the procedure C0 2- H - ~H to a type Fel catalyst. 
Usually no products were detected when applying the 
procedure CO - ~H to all catalysts, except occasionally a small 
increase in intensity of the C02 fundamental was given at a frequency 
of 2345 cm-1 • 
- 112 -
4.2.2 In situ cell experiments - Iron: 
A background spectrum was first recorded over the frequency 
-1 
range 2300 to 1730 cm also a 'blank' silica disc was housed in 
the reference beam as before, with the spectrometer conditions set as 
for the nickel in situ experiments. Transmittance-was usually very 
good for iron catalysts prepared by the 'dip' method, and varied 
between 70 and 90% over the range of interest. However, discs pre-
pared directly from powders, type FeIII and IV catalysts, were com-
pletely opaque to infrared radiation. 
(a) 
The first set of experiments were performed on F2 catalysts, 
(Fe/Cu/Si02 ). They were chosen because of the greater catalytic 
activity exhibited by copper promoted catalysts which was revealed 
by the reactor experiments. Initially sample discs were reduced for 
periods of 10 to 13 hours only, a reduction time found sufficient 
for nickel. On admission of about l Torr CO pressure a very weak 
-1 
absorption was observed having its maximum at 2169 ± l cm . This 
was classified as band B and appeared within a few minutes of admitt-
ing CO. However, no other absorptions were observed,even after 
allowing the system to stand at room temperatures for l hr. Evacuation 
for a period of 10 min. caused band B to disappear completely. 
Clearly the adsorbed CO species giving rise to B was very weakly held 
onto the metal surface. The very high frequency of this band 
(greater than that for free CO) is also indicative of a weakly held 
surface species. 
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The experiment was repeated several times, often using fresh 
samples, and the effect of varying the CO pressure was studied. Band 
B was found to increase in intensity with pressure, and always dis-
appeared' completely on evacuation. Even with relatively high pressures, 
40 to 50 Torr, no other absorptions were given. Figure 31 clearly shows 
the change in intensity with increasing pressure for band B. It is 
interesting to note that the higher reduction temperature, vi 45o0 c as 
0 
opposed to 400 C, appears to enhance catalytic activity with respect 
to band B, cf. plots 4 and 3. 
-1 
By monitoring at a constant frequency of 2169 cm during the· 
heating programme,band B was observed to decrease in intensity over the 
0 0 temperature range 25 to 185 C. A full spectrum recorded at 185 C 
showed that B had almost disappeared. This decrease in intensity was 
not accompanied by a band shift to lower frequencies. On cooling back 
to room temperatures B reappeared. Furthermore, by allowing the 
system to stand overnight at room temperatures when at a CO pressure 
of 22 Torr, band B remained unchanged and still no other absorptions 
were observed. Thus the weakly held CO species appeared to be 
temperature and pressure dependent only. 
(b) 
Sample discs were then reduced for longer periods, 20 - 24 hr. 
0 at temperatures of about 450 C, and then subjected to between 40 and 
45 Torr pressures of CO. The spectrum was recorded over the range 
-1 
2300 to 1730 cm after allowing the system to stand at room temper-
atures for~ hr., and then again after a further 2 hr. This was 





Effect of CO pressure on band B at 2169 cm for CO 
on Fe/Cu/Si02 : (1) >l Torr, (2) 5-6 Torr, 
(3) 19 Torr - reduced at 410°C; (4) 20 Torr. 




























heated using the 'thermal programme' after being allowed to stand 
overnight at room temperatures. 
The initial spectrum showed band B as a narrow band of 
-1 mediwn intensity occurring as before, (a), at 2169 cm . This was 
accompanied by a very broad but weak band having its maximum in the 
range 2030 to 2040 cm-l This latter absorption was classified as 
band A and is shown in Figure 32. In addition, band A showed a broad 
-1 
inflection at about 1980 cm together with a low frequency tail. 
Band A increased slightly in intensity after the longer standing 
period. The effect of evacuation was to cause B to disappear as 
before, and A to shift to lower frequencies after which its maximum 
-1 
was then found in the region 1970 to 1980 cm Also a decrease in 
intensity was observed but the band still retained its broad 
appearance, see Figure 32. 
These results clearly demonstrated the necessity for longer 
reduction times, and experience showed that 20 - 24 hr. was an ideal 
reduction period.as no appreciable improvement in the appearance of A 
was shown by discs reduced for both longer and shorter times. The 
problem of ageing and/or sintering had also to be considered. Thus 
it was necessary to find a balance between (i) attempts at increasing 
the sample's catalytic activity, which usually involved the use of 
increasingly severe reduction conditions; and (ii) ensuring that the 
ageing/sintering effect be kept at a minimum. 
No further change in the appearance of band A was observed 
after the overnight standing period. Therefore this band was monitored 
-1 




FIGURE 32. Effect of evacuation on the spectrum for CO 
(41 Torr) adsorbed on Fe/Cu/Si02 reduced for 
>20 hr. at 450°C : (~) before evacuation; 
(---) after evacuation., 
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was shown to start within the temperature range 100 to 140°c. Un-
fortunately.at temperatures > 200°C the 'background' shift, similar 
to that found with nickel catalysts, masked any further observations. 
0 However, it was clear that at 200 C,band A had only decreased by about 
half its original intensity. On one occasion the system was allowed 
to cool after heating to see if band A reappeared, ·but this was not 
so - a result contrary to that given by nickel. 
Regretably type F2 catalysts lost their 'activity' very 
rapidly, and this limitation together with band A's very broad 
appearance made further work unsatisfactory. 
(c) 
An Fl sample disc, reduced for 6 hr., was treated with 12 Torr 
CO at room temperatures. Only band B was given at 2169 cm-l as a very 
weak absorption, which disappeared on evacuation. The sample's 
inactivity was obviously in part due to the short reduction time. For 
some reason the sample failed to transmit at frequencies below 2000 cm-l 
On repeating the experiment with a.freshly prepared sample the same 
limitation occurred. Both sample discs had a mottled appearance prior 
to their reduction. 
(d) 
A few discs were prepared directly from the powders, catalyst. 
type FeIII and IV containing 5 and 2~ wt. % iron respectively. Only 
powders prepared from the acetate/alcohol mixture gave firm discs, suit-
able and thin enough for reduction. However, these samples were found 
to be opaque over the entire range of interest. Different reduction 
times, between 6 and 24 hr., still failed to produce transparent discs. 1 
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4.3 THE REACTIONS OF CO AND H2 ON SILICA SUPPORTED COBALT 
CATALYSTS. 
Cobalt catalysts were found to be less 'active' than nickel 
but more 'active' than iron with respect to the interaction of chemi-
sorbed CO and H2 to give hydrocarbons. This corresponds with the ease 
of reducibility of cobalt oxide 1 07 in relation to the other two metal 




value midway between values calculated for nickel and iron oxidesl07. 
Despite cobalt's relative inactivity (more noticeable in the in situ 
experiments) some very interesting spectra were obtained which led 
to a possible interpretation on the type of chemisorbed species 
prevalent on cobalt under differ~nt experimental conditions. 
4.3.1 Reactor experiments - Cobalt: 
The four procedures; CO - H2 - ~H, CO/H2 - ~H, H2 - CO - ~' 
and CO - ~H, were applied in turn to the cobalt catalysts type CoI. 
A d h f 4000 1000 Cm
-1 
s usual spectra were scanne over t e requency range to 
before and after the reactant gases were admitted at room temperatures, 
0 and also when the reactor had reached 400 C. During the heating 
-1 
programme the methane Q branch was always monitored at 3017,5 cm 
The results are given below for CoI type catalysts containing 5 wt.% 
Co: 
(i) No carbonyls were detected by infrared at any stage throughout 
(ii) 
the four procedures described above. 
There was no apparent increase in intensity of the H20 vap. 




The only product observed on applying the procedure CO -~H 
was carbon dioxide. This was observed by the increase in 
intensity of the C02 fundamental at 2345 cm-l after the 
heating programme,over that given by the 'background' 
spectrum. Furthermore, the amount of C02 formed was depend-
ent on the 'age' of the sample. The fresher the sample the 
greater the amount of C02 given. 
Occasionally traces of C02 were detected by infrared for the 
procedures CO - H2 - ~H and CO/H2 - ~H. For the latter this 
was contrary to that found for nickel. 
(iv) On heating the catalyst, methane was found to be the chief 
product for all experiments in which CO and H2 were present. 
A considerable amount of methane was formed as shown in 
Figure 33 for the procedure CO - H2 - ~H. This compares 
well with that given by a nickel catalyst under the same con-
ditions, see Figure 7. When the thermal programme was used, 
methane was first detected within the temperature range 195 
0 to 215 c. 
(v) No other hydrocarbons,either saturated or unsaturated,were 
detected by infrared spectroscopy. However, trace amounts 
of ethane were detected by mass spectroscopy together with 
trace amounts of H20 and C02. The fragmentation pattern vap. 
is given in Figure 34. The fragmentation pattern of species 
given by a nickel catalyst can be seen in Figure 35. All mass 




Spectrum of products at 400 C from CO followed 























(vi) The procedure 3.4 (1.7) in which a CO/H2 mixture was admitted, 
4. 3 . .2 
with the catalyst at a fixed temperature, revealed that 
methane was produced, although in limited quantities, at 
temperatures well below 195°C. A plot of absorbance with 
temperature is shown in Figure 36, and represents the varying 
amounts of methane produced at given temperatures. This was 
obtained simply by monitoring the CH4 Q branch at 3017,5 cm-l 
over a period of 2 hr. at five different temperatures. It 
can be seen from the figure that only trace amounts of methane 
would be formed at temperatures of 100 - 130°c, (370 - 400 'K), 
and none below those temperatures. 
In situ cell experiments - Cobalt: 
Sample discs of catalyst type Cl, V1 5 wt. % Co, were studied. 
These were prepared by the 'dip' method. Usually spectra were scanned 
-1 
over the frequency range 2300 to 1700 cm when the system was at room 
temperatures, and a given species was monitored at a constant wavenumber 
during the heating programme. The disappearance of an adsorbed species 
-1 
was observed by monitoring at either 2181 or 2020 cm • These frequencies 
corresponded to bands designated B and A respectively. Cobalt's inactivity 
was shown by three factors: 
(i) The relatively high CO pressures (40 - 50 Torr) required to 
produce absorption bands of medium intensity; cf. nickel which 
required only 1 - 2 Torr CO pressures. 
(ii) A cobalt catalyst could only withstand one heating programme/ 
degasing period before it was rendered inactive. A nickel catalyst 
could be heated frequently without showing any sign of ageing or 























400 450 500 
TEMPERATURE K 
FIGURE 360 Plot of absorbance as a function of temperature at 
-1 
3017,5 cm due to adsorbed CO and H2 on Co/Si02 
over a 2 hr. period. 
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(iii) Long reduction periods were necessary (20 - 24 hr.), cf. 
iron, Section 4.2.2 (b). 
(a) 
The spectrum of CO chemisorbed on cobalt at room temperatures 
is shown in Figure 37. A sharp narrow band at a frequency of 2181 ± 
-1 
1 cm was given together with a broad medium band. having maxima 
-1 -1 
within the frequency ranges 2062 - 55 cm and 2037 - 32 cm • These 
two bands were assigned B and A respectively. A low frequency tail 
was also observed, which had a broad inflection at about 1900 cm-1 • 
On evacuation (10 min.) band B almost disappeared and 
band A was shifted to lower frequencies accompanied by a change in its 
appearance. Band A now appeared as a narrower absorption having only 
one maximum (and not two) which occurred in the range 2027 - 20 cm-1 • 
There was also a slight increase in intensity, which was both unexpected 
and interesting. Bands attributed to CO in the gas phase had also dis-
appeared. On addition of a further aliquot of CO at room temperatures 
the original spectrum was again observed, viz., band Bat 2181 cm-land 
band A with two maxima at about 2060 and 2034 cm-1 • Consequently a 
reversible effect was shown to take place which can be represented, 
using approximate band positions, as follows: 
evacuation 
2060 + 2034 < 2022. excess CO 
On evacuation for longer periods (1 hr.) there was little 
further change in the appearance of band A. A slight decrease in 






































































































































































































































The procedure CO - evacuate - ~H was then carried out and band 
-1 
A was monitored at 2020 cm during the heating programme. A decrease 
in band intensity only occurred at temperatures between 115 - 125°c. 
. 0 
This continued until temperatures of 280 - 290 C were reached,by which 
time band A had completely disappeared. A plot of absorbance with 
temperature, Figure 38, showed A as decreasing linearly on increasing 
the temperature. 
By monitoring at a frequency of 2181 cm-~ while heating the 
catalyst in the presence of excess CO ( 50 Torr pressure), band B was 
observed to decrease in intensity, slowly at first, over the temperature 
range 25 to 180°c. Its disappearance was rapid at temperatures > 70°c. 
Clearly the species giving rise to B were less firmly held on the 
surface than those responsible for band A. 
(c) 
The effect of varying the CO pressure on the spectra is shown 
in Figure 39. Band B was found to increase with pressure until a maximum 
was reached at about 55 Torr. Band A also increased with pressure, but 
this was accompanied by changes in shape which can be described as 
follows: 
(i) at low pressures, < 10 Torr, band A was broad with a table-top 
-1 
maximum centered about 2040 cm ; 
(ii) at medium pressures, 10 - 30 Torr, two maxima were observed 
-1 
of almost equal intensity at 2030 and 2055 - 50 cm 
(iii) at higher pressures, > 30 Torr, the high frequency maximum 
-1 . 
predominated at 2060 cm , and the low frequency maximum 
~i 







































































































































































































































































- - --:-.::::::.:::::. :::::: .::7='·:::::: ...... . 
\._-- --.:::··-·············· ..__ ······ -:::.:::······· .. 










,,._-;:.. :::;.::::::::::: .:::::.::::::::::.··-····/ 
.. 
) ( . 
v. 


















FIGURE 39. Effect on the spectra on varying CO pressure: 










The addition of hydrogen to the system was investigated at 
both room and elevated temperatures. Firstly, H2 was added to the 
system in which CO had previously been admitted, allowed to remain 
in contact with the catalyst and then evacuated for 10 min. The 
-1 
effect of H2 on band A at 2022 cm is clearly shown in Figure 40. 
(All three spectra are shown in the Figure for comparison, i.e. CO 
alone before and after evacuation, and CO d plus H2.) Hence the a s. 
addition of H2 caused band A to decrease in intensity and exhibit a 
high frequency hump. Only on one occasion did band A shift to higher 
-1 
frequencies by about 6 cm • For reasons unknown~this band frequency 
shift could not be reproduced. At this stage the system comprised 
essentially of CO d with an excess of H2. On heating, dUI"ing which a s. 
-1 
band A was monitored at 2020 cm , a decrease in intensity first 
occurred within the temperature range 125 - 140°C. The intensity 
decreased rapidly until temperatures of 195 - 215°C were reached, by 
which time band A had disappeared. This effect is shown by the second 
plot in Figure 38, and can be compared with the system in which no 
hydrogen was added. Clearly the presence of hydrogen does affect the 
rate of disappearance of band A at elevated temperatUI"es. However, it 
0 must be remembered that the observed temperatUI"e of 125 -140 C was 
much lower than that normally associated with methane formation (>195°C -
reactor experiments) when using the 'thermal programme'~ 
The order of addition of reactant gases was varied to investi-
gate the effect, if any, on the spectrum of CO on cobalt. For both CO 

















FIGURE 40. Effect of H2 on band A for CO on Co/Si02: 
(-) CO alone before evacuation; 
(---) CO alone after evacuation; 
















2000 2100 2150 
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except a slight overall increase in intensity for the experiment which 
involved CO pretreatment,followed by H2. Similarly on H2 pretreatment 
followed by an evacuation period prior to the admission of CO, the 
spectrum of CO chemisorbed on cobalt resembled that given in Figure 
37, i.e. no change was observed. 
(e) 
Signs of ageing and/or sintering of the sample disc were 
clearly shown in an experiment which involved the admission of CO after 
pretreatment with H2. The CO spectrum is given in Figure 41. Band B 
-1 
was found to occur as before at 2181 cm , but band A was observed as 
-1 a very broad weak band with a maximum in the region 2020 to 2025 cm 
-1 
and a shoulder at about 2050 cm On evacuation a frequency shift 
was observed in which band A then narrowed and showed a single maximum 





































































































































































































































4.4 MASS SPECTROSCOPY RESULTS 
Occasionally it was necessary to analyse the reactants and 
products which occurred in the gas phase (obtained from the reactor 
experiments) by mass spectroscopy in order to detect trace amounts 
of hydrocarbons other than methane, formed from the interaction of CO 
and H2 on some of the metal catalysts. Thus the following procedure 
was adopted: after recording the final infrared spectrum over the 
-1 
frequency range 4000 to 1000 cm , when the reactor had reached 
0 400 C, the 10 cm path length infrared gas cell was isolated from the 
system, removed, and its contents were then analysed using mass 
spectroscopy. 
The products given by the various catalysts, Fe, Co, and Ni, 
after carrying out the procedure CO - H2 - ~H>were analysed in this 
way for comparison purposes, and their fragmentation patterns are 
shown in Figures 30, 34, and 35 respectively. The mass to charge 
ratio (m/e) and the relative abundance of ea.ch ion (R.A.%) together 
with the group commonly associated with the mass are given in Table 
6. The most abundant ion, referred to as the base peak, in the 

















FIGURE 30. Fragmentation pattern of products, at 400°C, from CO 
H2 adsorbed on Fe/Cu/Si02; (X) signifies a sample 


















































FIGURE 34. Fragmentation pattern of products, at 400°C, from 

































FIGURE 35. Fragmentation pattern of products, at 400°C, from 




Groups commonly Relative Abundance 
associated with m/e R.A. % 
the Mass 
Iron, Cobalt, Nickel 
Fe II Co I Ni I 
CH+ 13 8 3 
CH/ 15 69 78 81 
+ CH4• 16 100 100 100 
OH:t° 17 3 2 
+ H20· 18 17 8 
+ 
C2H2· 26 7 
+ 27 C2H3 14 l 
+ 29 17 7 C2Hs 9 
+ 30 9 C2H6. <l <l 
+ 
C3H7· 43 10 
+ C3Hg· 44 9 
+ 44 C02· 6 60 
The table shows that: 
l. odd electron ions, i.e., those ions which contain an unpaired 
electron and include molecular ions (Mt) and fragment ions (At) 
+ formed from M• by loss of an even-electron molecule. For example, 
C2H6t is a molecular ion and C2H2; a fragment ion formed from it; 
2. the hydrocarbon ion series in which the values m/e 15, 29, and 43 cor-
+ + + respond to the precursor ions CH 3 , C2H5 and c3H7 respectively; 
- 137 -
3. from these precursor ions decomposition products can occur, 






These would be found at m/e 13, 27 and 41 which correspond to 
+ and C3H5 respectively. 
not detected even from the fragmentation pattern produced by the 
iron catalyst probably because the amount of p~opane formed 
was too low; 
4. the base peak in all cases was found to be the molecular ion 
+ ,-
CH4 (m/e 16). 
The table also shows. that,from the interaction of CO and 
H2 on various catalysts previously subjected to the procedure 
CO - H2 - llH : 
1. the iron catalyst produced a methane/ethane/propane mixture 
in quantities where methane > ethane > propane; 
2. cobalt and nickel catalysts gave methane as the chief product 
with only very small amounts of ethane. Propane was not 
detected with these two catalysts; 
3. the amounts of ethane formed when using cobalt and nickel were 
lower than that formed from iron; 
4. nickel produced relatively large amounts of C02 in the reaction, 
(see result 4.1 (1.1)). Only trace amounts of C02 were detected 
for cabal t; 




DISCUSSION OF RESULTS AND CONCLUSIONS 
5.1 INTRODUCTION: 
Infrared spectra of carbon monoxide,either chemisorbed onto 
metal surfaces or as metal carbonyl compounds,give intense absorption 
-1 -1 
bands in the region 2200 to 1700 cm The frequency of 2000 cm has 
often been used as the dividing line for distinguishing between linear 
and bridging CO groups, although under certain conditions linear CO 
-1 
can give rise to bands below 2000 cm This occurrence was 
explained in Section 2.2,together with an argument for and against 
the existence of bridged CO structures chemisorbed on metals, and 
-1 
their giving rise to bands in the infrared below 2000 cm 
-1 
In this work, infrared absorption bands found below 2000 cm 
were usually assigned to bridging carbonyl species. This decision was 
based on the substantial evidence given by infrared, magnetic data, 
LEED, and secondary ion mass spectrometry. The infrared studies of 
CO on alloys by Soma-Noto and Sachtler84 '39,9o were particularly 
convincing on this issue. In support of this decision, for nickel 
-1 
catalysts,CO bands given below 2000 cm did not readily disappear on 
evacuation or heating. 
-1 
In contrast,bands above 2000 cm were more 
sensitive under these conditions. The results given in Section 
4.1.2(2) demonstrate -this, and are in accordance with the 'bridging' 
theory. 
The classification of CO absorption bands for CO on nickel 
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catalysts, i.e., bands A to F, was based according to the assignment 
of Yates and Garland on nickel97 • Similarly, for CO on iron and 
cobalt, classification was made according to the frequency position 
of significant absorptions, where band A was assigned to that 
absorption which occurred at the lowest frequency. This did not 
necessarily mean that band A should be assigned to ~ bridged 
structure,as was the case for nickel. The classification scheme 
excluded absorptions which appeared either as shoulders or inflection 
points. 
With carbon monoxide chemisorbed onto any metal of the 
transition series,the multiplicity of the band structure found at 
frequencies above 2000 cm-l has been ascribed to single linear species 
r 
on different crystalline sites 11 5,9 7 ,33,2 7 , A molecular orbital 
description of the metal to CO bond was proposed by Blyholder83,which 
was similar to that given for metal carbonyls 168, It was proposed 
that the M - C bond is comprised of a dative a bond and a dative TI 
bond. The net effect is that a charge shift occurs in opposite 
directions,which would strengthen each other mutually. The metal to 
carbon TI bond, which involves the sharing of electrons between a 
filled dTI or hybrid dpTI metal orbital and an empty pTI* orbital of 
CO, tends to weaken the carbon to oxygen bond,but strongly influences 
the chromophore relative to the a bond formed between a filled carbon 
p-orbital and an empty metal d-orbital. Thus,formation of the a bond 
originates from the lone pair of electrons of the carbon sp - hybrid z 
orbital with suitable acceptor d orbitals on the metal atom. The TI 
bond orders of adjacent M - C and C - 0 bonds,in M - CO surface species, 
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were thought to be complimentary. 
As the TI character of the metal to carbon bond increases,the 
bond order of the carbon to oxygen bond decreases because this results 
in a lowering of the CO bond strength and hence its stretching frequency. 
Therefore,CO chemisorbed onto metal sites rich in d- electron density, 
i.e., edges, corners, or sites in crystallographic ·planes of low co-
ordination number, was considered to form a stronger metal to carbon 
bond~and therefore give rise to bands at lower frequencies than when 
chemisorbed onto sites of high coordination number. In addition, 
Blyholder83 proposed that if the a bond between the metal and carbon 
atoms remained constant then the increase in frequency of the carbonyl 
would result from a lesser number of d- electrons participating in the 
M - C bonding. 
Guerra86, however, in a recent study of collective data on 
the adsorption of CO by transition metals,obtained results showing 
an opposite trend, i.e., a decrease was observed in the CO frequency 
with a decrease in the number of metal d- electrons. The results 
-1 
referred to the chief absorption found above 2000 cm 9 which could be 
assigned to·chemisorbed species having a linear structure. It appeared 
that an increase in the metal to carbon bond strength resulted mainly 
from increased M - C a bonding,which was promoted by emptier metal 
d orbitals. For charge neutrality, it was suggested that this 
increased M - C a bonding would then cause greater M - C TI bonding, 
as shown by an observed decrease in the C - 0 bonding and vibrational 
frequency when there were fewer d- electrons available in the metal 
orbitals. Furthermore, the estimated bond orders of the C - 0 bond,of 
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adsorbed CO,were shown to decrease in a manner proportional to the 
number of missing d- electrons of the metal across the series. 
CNDO - molecular orbital calculations,for both carbon monoxide 169 
and hydrogen 170 adsorbed on a cluster of nickel atoms,suggested that 
bonding of the carbon or hydrogen atoms to the nickel atom largely 
involved the nickel s and p orbitals with little co~tribution arising 
from the d orbitals. The calculated pattern of valence orbital energy 
levels agreed well with experimental results, using photoelectron 
spectroscopy, which allowed the energies obtained to be assigned to 
specific oribtals. However, the fact that metal d orbitals were 
considered to play a minor role was contradictory to the theory also 
proposed by BlyholderB3, 
From a studyl32 of the oxygen (lS) binding energies with 
respect to the Fermi level, (BE(F))' in the non-dissociative 
adsorption of CO on metals• it was again suggested that 7r bonding' 
(back donation) was the major contribution to the M - CO bond. 
Results showed that as the enthalpy increased (M - C bond strength 
increasing) the BE(F) decreased,which indicated that the electron 
density on the oxygen was increasing. Furthermore, when the energy 
of the M - CO bond increased,so did the electron transfer from the 
metal to CO, i.e., there was enhanced back bonding into the 27r 
molecular orbital of CO. The a contribution, which would cause a 
chemical shift in the opposite direction, was considered to be less 
important. There was no evidence for the operation of the synergic 
effect12 0. 
The controversy over whether 7r or a bonding is the main 
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contribution to the M - CO bond (although evidence does favour the 
former) presents an interesting 'question-mark' on the interpretation 
-1 of the multiplicity of infrared bands,usually found above 2000 cm • 
CO chemisorbed on sites of low coordination number may well give bands 
at low~r frequencies, but to what degree this shift is caused solely 
by increased TI back bonding appears to be open to. conjecture. 
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5.2 NICKEL CATALYSTS: 
It has been shown in this work that,when either CO alone or 
CO followed by H2 was allowed to contact the nickel surface,there 
occurred two main bands in the range above 2000 cm-1 , viz., bands at 
2080 and 2055 cm-1 , (result 4.1(2.1), Figure 14). -1 The band at 2055 cm 
(band C) did not occur when H2 was admitted first>or even when a CO/H2 
mixture was used, Figure 15. Nor under these conditions was Ni(C0) 4 
observed to form, (results 4.1 (1.2 and 1.3)). It was also observed 
that band C readily disappeared on evacuation or heating, (result 4.1 
(2.11 Figures 19 and 22). Thus,it was concluded that band C must have 
been due to a species which was less firmly bound than was the species 
-1 
which gave rise to band B at 2080 cm • It also seemed likely that 
band C was involved in gaseous Ni(C0) 4 formation. The fact that the 
-1 
species producing this band was less firmly held than B,at 2080 cm ~ 
was contrary to the usual sequence of strongly held - lower frequency; 
indicative that the species which gave rise to band C was,not merely 
CO adsorbed,but>possibly due to either several CO groups attached to a 
single metal atom or adsorbed Ni(C0) 4 . This was in agreement with 
Ferreira27 who assigned a strong sharp band at 2058 cm-1 , (± 2 cm-1), 
to either two, three, or even four ligands chemisorbed onto single 
nickel atoms. In addition,he suggested that it was possible that at 
least part of this band may have been due to physically adsorbed 
Ni(C0) 4,with the major contribution being due to more than one weakly 
chemisorbed CO molecule per metal site. Nevertheless, there are major 
differences between the two sets of results. 
-1 
Whereas the 2058 cm 
band was only observed27 at high CO pressuressand usually after the 
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-1 
<:>.ppearance of other bands, band C at 2055 cm was strong even at 
p~essures <l Torr and appeared almost immediately the CO was brought 
i"to contact with the catalyst. Also,over and above the results of 
Fcrreira27>the reactor experiments clearly demonstrated that Ni(C0) 4 
w3.s formed rapidly at room temperatures. The readiness of Ni(C0) 4 
formation in CO - Ni systems is obviously more acut.e than was 
criginally considered27 ' 1 0 9 • Preadsorption of hydrogen, prior to the 
admission of CO, must therefore either block specific sites on which 
adsorbed Ni(C0)4 and/or its precursors can be held, or become co-
adsorbed with CO on admission of the latter, thus preventing Ni(C0)4 
formation. 
Coadsorption is the preferred explanation. This is 
supported by the observed frequency shift of band B to lower wavenumbers 
on evacuation at room temperatures, (result 4.1 (2.2)). Apart from the 
disappearance of band C, band B decreased in intensity only slightly 
on evacuation, the main effect was that of the band shift to lower 
;::: . .Lrequencies. The cobalt results also support this hypothesis (see 
Section 5.4), and led to the following conclusion for CO on nickel, 
which can be stated: 
-1 
"that band B,,found at either 2080 cm (on CO preadsorption) or 
-1 at 2074 cm (on H2 preadsorption, or on treatment with a CO/H2 
mixture),can be ascribed to co-adsorbed species having the 
structures Ni(CO)X and HZ Ni(CO)Y respectively, where 
4 > X > Y > l>and Z ~ 1." 
The above conclusion was reached for the following reasons: 
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(i) Coadsorption of H and CO,or adsorption of more than one CO per 
single nickel atom,would cause a decrease in the M - C bond order 9 which 
in turn would increase the C - 0 bond strength and hence increase the 
CO frequency. 
(ii) -1 The lower frequency of 2074 cm can be explained in terms of an 
uneven distribution in TI back-bonding between the M - H and M - C bonds, 
where back donation of the nickel d- electrons favour the antibonding 
CO orbitals over those of hydrogen. The fact that hydrogen is less 
strongly adsorbed onto metals than is CO has been well established. 
For example, gravimetric studies 171 of CO adsorbed on supported paladium 
showed that preadsorbed hydrogen was replaced by CO according to the 
equation : PdH + CO(g) -+ PdCO + H(g). 
(iii) Coadsorption of hydrogen was observed by Primet and Sheppardl29, 
-1 -1 
The higher frequency at 2070 cm for the vCO band over that of 2040 cm , 
given by CO on a "hydrogen-covered" surface as opposed to a "hydrogen-
free" surface,suggested that the hydrogen was electron-attracting. The 
shift of the d- electrons of nickel to adsorbed hydrogen, revealed by 
ferromagnetic results 172 , implied that the polarity of M - H bonds was 
o+ 0-of the type M - H • The readsorption of H2,which displaced the 
-1 0 
2040 cm band (observed after evacuation for 30 min. at 100 C) to 
-1 
near 2070 cm , corresponded to the effect found on cobalt (discussed 
in Section 5.4, p. 162), viz., a high frequency hump. The effect on 
cobalt was less marked, probably due to slight differences in experi-
mental conditions and also cobalt's inability to coadsorb H2 with CO 
over that of nickel. 
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(iv) The observed band shifts to lower frequencies on evacuation, 
Figures 19 and 20, result 4.1 (2.2), suggest in both cases a return, 
in part, to the structure Ni - CO. It cannot be stated categorically 
whether the further shift to even lower frequencies on heating, 
(result 4.1 (2.2.)), arises either from a redistribution of adsorption 
sites, or from the complete conversion of the CO : metal ratio to a 
value of l from that of >l. 
-1 . The above, (i) to (iv), suggests that band C,.at 2055 cm , is chiefly 
due to adsorbed Ni(C0)4, which is in accordance with the properties of 
a band found at the same frequency .. by Primet and Sheppard129,for CO 
adsorbed on a "bare" or "hydrogen-free" nickel surface. Alternatively, 
it can be argued that the multiplicity of bands found at frequencies 
-1 -1 
above 2000 cm , and the absence of band C at 2055 cm on pretreat-
ment with hydrogen, could be attributed to the nature of the adsorpt-
ion sites according to the interpretation by Garland et azllS. However, 
reasons for rejecting this hypothesis will be covered in Section 5.4. 
An interesting result was observed after a heating/cooling 
procedure or after admission of CO to an already heated catalyst 
followed by cooling; result 4.1 (2.3), Figures 23 - 26. Here only one 
-1 
band was seen to occur in the range above 2000 cm • This came close to 
-1 
2050 cm , Figure 24, b'ut its properties were different from those of 
-1 
the original band C at 2055 cm . Namely, it was not easily removed by 
evacuation or on heating, but instead its frequency merely decreased 
systematically with increasing temperature,with a much smaller rate of 
decrease in intensity than shown by band c. The heating/cooling experi-
ments can be interpreted, in part, in terms of CO being adsorbed at 
- 147 -
room temperatures only on sites of low heat of adsorption and low 
activation energy. At higher temperatures,sites of high heat of 
adsorption and high activation energy become available,and thus the 
band frequencies decrease, possibly because, as the species are more 
firmly held, the stronger metal to carbon bond gives rise to bands at 
lower frequencies. On cooling, the distribution obtained at the 
higher temperature persists, i.e., the CO becomes 'frozen',such that 
the band observed on returning to room temperatures will occur at a 
lower frequency. Also the frequency shifts on further heating and 
cooling will be temperature reversible,as observed in Figure 26. 
This redistribution of CO on the surface after the heating/ 
cooling treatment seems to be such that the sites, which when initial-
ly at room temperatures were occupied by adsorbed Ni(C0) 4~become 
occupied by adsorbed CO,which thus blocks the readsorption of Ni(C0) 4 
as such. The CO species involved here were considered to be chemi-
sorbed single linear groups per metal site. 
Now it was expected that band B, on cooling the system, 
would have returned to its original position at 2080 cm-l and also 
assume its original shape and intensity, thereby being attributable 
to the structure Ni - (CO)X where X < 4 but ~l. For low CO pressures 
(about l Torr) this was not the case, as shown above, which suggested 
that a side reaction had occurred. To verify this possibility a higher 
COpressure (12 Torr) was admitted, i.e., excess free CO then occupied 
the in situ cell, and the heating/cooling procedure repeated. The 
final maximum given by band B was observed in the frequency range 2065 
-1 
to 2070 cm , higher than that shown by the earlier results, but once 
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again the band's intensity was considerably reduced. A medium sharp 
-1 band was found at a frequency of 2342 cm together with an increase 
in the amount of free C02 • That C02 was formed on heating a Ni - CO 
system had been shown in the reactor experiments; result 4.1 (1.4), 
Figure 11. 
. -1 
The sharp band observed at 2342 cm was considered to 
be either physically adsorbed or weakly chemisorbed C02 species. 
Therefore>it seems likely that these species prevent the adsorption of 
more than one CO ligand per metal atom, by virtue of their own adsorp-
tion on nickel, probably through steric hindrance. 
The chief product formed,by the interaction of adsorbed 
carbon monoxide and hydrogen on nickel,was methane. Its formation was 
demonstrated by results 4.1 (1.1) to (1.3) and shown by Figure 8, and 
only occurred at temperatures above 190° ± 5°C, but was still produced, 
although in limited quantities, at temperatures 
0 
:;;i. 430 C, result 
4.1(1.6). Unlike iron, the nickel catalysts were very active with 
respect to methane formation, but only traces of ethane were detected 
using mass spectrometry, Figure 35. No other hydrocarbons, either 
saturated or unsaturated, were detected by infrared or mass spectrometry. 
Nevertheless,the activity of nickel with respect to CH4 production was 
very marked as shown in Figure 7. 
A by-product given in the reaction was C02, Figure 7, provid-
ing CO had been preadsorbed at room temperatures, i.e. prior to the 
addition of hydrogen. C02 was also produced when the catalyst was 
heated in an atmosphere of CO alone, Figure 11, as mentioned earlier. 
Clearly this suggested that different 'active' sites became available 
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und1~r these conditions, on or from which a second reaction mechanism 
could occur. Further evidence to support this was afforded by the 
res~lts 4.1(1.2) and (1.3). Here it was shown that,on preadsorption 
of hyJrogen or on admission of a CO/H2 mixture, the hydrogen either 
bec:'.l:le preferentially adsorbed onto those sites which favour co2 
for:nation or coadsorbed with CO. In any event,these _situations 
prevented a secondary reaction taking place. 
The reaction mechanism responsible for co2 could proceed 
via one of two intermediates. The first possibility is via a surface 
carbide,which may be formed according to the equation: 
i.e,, involving a 'bridged' CO structure as opposed to a linear one. 
This mechanism was proposed by Ferreira27 when he observed that co2 
was the main reaction product under conditions of low H2 : CO ratios. 
The other possibility could involve the thermally induced dissociation 
of adsorbed CO. Electron spectroscopy studies 132 proved that,at 
temperatures of about 400 K,carbon monoxide dissociates on nickel to 
give surface carbon and oxygen. The authors' observations were in 
agreement with the formation of a surface carbide as suggested by 
Rar,~qvistl 73 , and in conclusion they pointed out the difficulty in 
obtaining nickel free traces of carbon and oxygen since their formation 
was relatively easy from CO d at 400 K. The above was also supported 
a s. 
by Barber et az93,in their studies of CO adsorbed on Ni and Cu,using 
secondary ion mass spectrometry. This technique revealed the formation 
of surface carbides on both metals,proceeding via a dissociation mechanism 
for Ni but one of disproportionation for Cu. Hence,formation of C02 
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could proceed via the surface oxygen, either in a manner similar to 
that shown for CO on a nickel oxide lattice27 in which adsorption 
of CO was thought to occur followed by desorption of C02 
(lattice Ni 3+)o- +- C = 0 -7 (lattice Ni2 +)0 = C = O or, 
on reduction of the oxygen by adsorbed carbon monoxide according to 
the equation CO - Ni + 0 - Ni -+ C02 + 2 Ni. This was proposed by 
TQttrup 174 as part of the sequence in which CO decomposes on nickel 
catalysts. 
In addition, C02 formation was shown by a steady decrease 
in absorbance over the temperature range 100° (V\ 400 K) - 400°c, 
result 4.1(1.1), and it is interesting to note that the lower temper-
ature limit corresponds cJ:::>sely with the temperature of dissociation 
of co 132 • 
If a surface oxygen species is formed then the catalyst can 
be considered as being partially oxidised. Therefore,when hydrogen is 
present, during a heating programme, reduction of the surface could 
also take place to give water as a by-product. For. the nickel-reactor 
experiments water vapour could not be detected with any degree of 
accuracy using infrared, however, traces were detected by mass spectro-
scopy. The absence of water vapour in determinable amounts may be 
explained in terms of the competition between hydrogen and carbon 
monoxide to adsorb on, or react with, available Ni - 0 species. Thus, 
the reaction Ni - 0 + CO -+ C02 probably occurs at a lower temperature 
than does surface reduction, Ni - 0 + H2 -+ H20. It is quite possible 
that,when higher temperatures are reached,the reaction with hydrogen 
is then favoured, providing some Ni - 0 species still remain available. 
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No evidence could be provided to determine exactly which type 
of adsorbed CO species was involved in C02 formation, either linear or 
bridged. However,Ansorge and Foerster147 , in their studies of CO on 
Co - Mg mixed salt catalysts,considered that the CO species which gave 
rise to low frequency bands in the infrared were responsible, thus 
supporting Ferreira's27 hypothesis. 
Evidence for the surface species involved in methane formation, 
using nickel catalysts,was obtained from the in situ cell experiments. 
The rapid decrease in absorbance at ±190°c given by the Absorbance -
Temperatur'e curve, Figure 21, on heating systems ~ontaining both CO 
and excess H2,and the absence of such a decrease for the system contain-
ing only CO,indicated that band B, i.e., linear CO species, was involved 
in methane formation. This is contrary to the findings of others27,28. 
It could be argued that linear CO ligands,when desorbed at high temper-
atures,readsorb as bridged CO species, which in turn then become the 
intermediates in the methane reaction mechanism. This redistribution of 
surface species seems unlikely for two reasons. Firstly, linear CO, 
giving rise to band B,still remained firmly held on the metal surface 
even when temperatures as high as 400°C were applied, result 4.1 (2.2). 
Furthermore,on increasing the temperature,the rate of decrease in 
intensity of band B was not only found to be similar to that of band A, 
but also occurred initially at about 20°c higher than the latter. There-
fore,it appears that both linear and bridged CO are involved in hydro-
carbon formation, but the reaction scheme may well be different for each 
intermediate. Nickel tetracarbonyl was not considered to be involved in 
the methane reaction mechanism in any way. Result 4.1 (1.7), Figure 13, 
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showed that Ni(C0)4 decomposed rapidly over the temperature range 150 
0 
to 190 C, a range slightly lower than that required to initiate the 
reaction between CO and H2 • It is also interesting to note that 
evidence for the interaction between CO and H2 was provided by the two 
plots in Figure 18, which again suggested that band B was responsible 
in the catalytic reaction. 
Despite the knowledge already obtained on the nature of the 
gas/solid surface,only occasionally has there been undisputed evidence 
to justify the concept of "surface complexes". This was provided 
recently by Queau and Poilblanc 15\and their findings were discussed 
earlier, Section 2.3. In this work,the result 4.1 (1.5) provided 
evidence of a similar nature. Namely, that a reaction between hydrogen 
(excess) and CO (adsorbed species only) on a nickel catalyst had 
occurred was shown by the considerable amount of methane detected at 
the end of the experiment, see Figure 12. The result verifies that, 
for a Ni/CO/H2 system , interaction with a surface complex is definitely 
a stage in the reaction mechanism . 
Of the many different types of metal site available,only some 
may be actively involved in reaction mechanisms and the formation of 
new compounds. Also it is widely known that specific catalysts favour 
a specific set of reactions, e.g., hydrogenation, oxidation, and 
dinitrogen fixation reactions. The author considers that the above can 
now be modified to read : either, 
"that for a given metal catalyst specific 'active' sites 
will favour a specific reaction under a given set of 
conditions" or, 
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"providing a given state of adsorbed species (intermediate) is 
made available then a specific product will be formed under 
a given set of conditions". 
ConGcquently catalysts need not only be 'tailor-made' for a set of 
:reactions but even for a specific by-product or side-reaction. Some 
evidence for this has been provided in this work. rhe two by-products, 
C02 2nd Ni(C0)4,can be eliminated simply by p:readso:rbing H2 before the 
uddition of CO, or on admission of a CO/H2 mixture, :results 4.1 (1.2) 
and (1.3). Either the hydrogen is being preferentially adsorbed onto 
certain nickel sites,thus effectively blocking the :route via which 
these by-products are formed, or, on coadso:rption with CO,the state of 
the chemiso:rbed CO species is altered. A similar effect was shown in 
-1 
the in situ cell experiments in which one band above 2000 cm , and not 
two,was observed on hydrogen p:readso:rption, :result 4.1 (2.1). 
The :resolved absorption bands,given by a spectrum of an 
aged/sintered catalyst or by a catalyst having a low nickel content, 
Fig'IZ'e 27, can also be explained either in terms of different 
adsorption sites,o:r,can :reflect differences in the CO : Ni :ratio. 
The latter explanation is preferred, in view of the evidence provided 
by the cobalt :results. 
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5.3 IRON CATALYSTS 
The iron catalysts were found to be far less 'active' with 
respect to methane formation than was nickel. This was attributed 
to the ease of reducibility of nickel oxide relative to the oxides of 
iron which has been discussed earlier, p. 118. However, there was 
one advantage in using iron catalysts, over nickel and cobalt, which 
was that other hydrocarbons were produced in relatively large amounts, 
namely ethane and propane. This was shown by the weak absorptions 
-1 
occurring at frequencies of 2970 and 2880 cm ; result 4.2.1, 
Figure 29. 
Kolbel and Tillmetz157 observed a special catalytic activity 
for chain propagation,which occurred on Fe(lll) surface clusters,and 
was deduced from the geometrical and electronic structure of the Fe - CO 
complex. They showed that no stable complex containing oxygen could 
be formed with nickel. This implied that no chain propagation within 
a condensation mechanism could occur on nickel catalysts, although 
hydrocarbon chains of moderate lengths have been producedl00,175. 
Therefore,they suggested that a different reaction mechanism occurred 
on nickel proceeding via primary complexes having a methylene structure. 
In the case of iron and cobalt a relatively short C - 0 bond 
length and partial double bond character in both complexes pointed to 
an enolic behaviour. These complexes were also reported as being highly 
reactive and were involved, especially when adsorbed onto Fe(lll) planes, 
in chain propagation via condensation mechanisms; with probably the 
first step occurring only after splitting of water. This would leave, as 
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shown by Kolbel's representation of complexes on iron, an aldehyde and 
methylene functional group close to one another on the surface. It was 
also stated that the higher stability and strongly marked enolic 
behaviour of the iron complex relative to the cobalt complex seemed to 
be responsible for the production of longer hydrocarbon chains,with a 
higher content of oxygenated species in the spectrum on iron. 
Therefore the observed, (see mass spectroscopy results 4.4), 
enhanced activity of the iron catalysts, relative to nickel and cobalt, 
with respect to the formation of hydrocarbons other than methane is well 
supported by the above explanation. 
Allied to this was the interesting phenomenon given on hydrogen 
preadsorption with all catalyst types. Here only methane was formed,and 
no other hydrocarbon was detected either by infrared or mass spectro-
scopy. Although no supporting evidence was obtained, it would appear 
that either the hydrogen blocked those sites which would favour the 
formation of higher hydrocarbons, or,on coadsorption with CO>a new 
complex would be formed which would not be able to take part in con-
densation mechanisms, thus inhibiting chain propagation. Once again~ 
results suggest that either different adsorbed CO species are respons-
ible for the formation of different products, or specific adsorption 
sites favour specific reactions. 
The introduction of small amounts of copper to an iron catalyst 
was found to increase the catalytic activity markedly. The copper may 
either be acting as a promoter, i.e., encouraging the formation of 
surface complexes, or simply facilitates the reduction of iron. In any 
case, results showed that copper containing iron catalysts, type Fell, 
- 156 -
were more 'active' such that the comparison between the different 
catalysts, with respect to their catalytic activity, was of the 
order : 
FeII > FeIII > FeI. 
Contrary to that found for nickel, no iron carbonyls were 
detected throughout the reactor experiments, and only traces of co2 
were given (as a by-product), even on admission of CO alone. This 
suggests that iron is unable to form specific complexes with CO on 
its surface,which can be.readily formed on a nickel surface. Evidence 
of iron's 'inactivity',relative to nickel,was shown by the higher 
temperature required, (> 200°c for a freshly-prepared sample), to 
initiate methane formation, cf. 190°C for nickel. 
Spectra obtained in the in situ cell experiments were rather 
disappointing,and only two absorption bands, attributed to adsorbed 
-1 
CO, were observed at frequencies of 2169 and 2030 cm • Both bands 
were found unsuitable for use for correlation with the 'reactor' 
results. This was due either to their behaviour under certain con-
ditions, such as evacuation and heating, or to their poor appearance. 
-1 
The sharp band found at 2169 cm , band B,was attributed 
in part to very weakly chemisorbed CO ligands, with perhaps some CO 
existing in a physisorbed state. The band's high frequency position, 
together with the fact that it was extremely sensitive to CO pressure, 
heating, and evacuation,indicated that physisorbed species may have been 
On the other hand, band A, observed at 2030 cm -1 present. ' was more 
strongly held; result 4.2.2 (b)' Figure 32, and it may therefore be 
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assigned solely to CO ligands chemisorbed onto iron. The CO species 
responsible for band A was considered to have a linear structure. 
This is in agreement with Blyholder and Marvin 1 61 who assigned the 
first main infrared band to linear CO on iron. Band A also shifted 
to lower frequencies on evacuation at room temperatures, see Figure 32, 
in a similar manner to that given by band B for CO on nickel. This 
result supported the assignment of a linear structure. 
Voroshilov et aZ 158,in their studies of adsorbed ~O on 
ferric oxide of different reduction states,attributed absorption bands 
found at 2180 and 2020 cm-l to CO adsorbed on Fe20 3 ann Fe respectively. 
For the former the C - 0 bond was strengthened in comparison with the 
free C - 0 bond, whereas in the latter case it was weakened. They 
suggested that differences occurred in the electronic structure of 
chemisorbed CO forms due to the surface of iron oxides; with maximum 
differences being observed in the Fe203- Si02 catalysts. Because of 
the difficulty encountered in obtaining well reduced iron samples,it 
seems likely that CO adsorbed on iron oxide would be responsible for 
-1 
band B at 2169 cm , but that band A was due to CO adsorbed on an 
oxygen free iron surface. Between Voroshilov's and these results 
-1 
there was a difference in frequency of ± 10 cm for the high wave-
number absorption. This may have been due either to differences in 
sample preparation or differences in the Fe203 ·: FeO ratio. The 
assignment of very high frequency absorptions to CO species adsorbed 
onto oxides is in agreement with Ferreira27 • 
The results given in 4.2.2 (a) and (b) clearly demonstrated 
the necessity for longer reduction times and higher temperatures, but 
further attempts to increase the 'activity' of sample discs proved to 
be unsuccessful. 
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5.4 COBALT CATALYSTS: 
The cobalt catalysts displayed a degree of "activity" mid-
way between that shown by nickel and iron catalysts. Relatively high 
CO pressures were required to produce absorption bands of medium 
intensity. This was observed during the in situ cell experiments. 
Also long reduction times at high temperatures were necessary to 
produce "active" samples. On the other hand, considerable amounts of 
methane were formed, in the reactor, from the interaction of CO and H2 
on cobalt which compared favourably with the amounts formed on nickel. 
When carbon monoxide was allowed to contact a cobalt surface 
there occurred three main absorption bands in the region above 2000 cm-l 
viz., -1 bands at 2181, 2060, and 2034 cm , (result 4.3.2 (a), Figure 37). 
The latter two appeared as maxima belonging to a broad band of medium 
intensity which was assigned band A. Linear CO species were considered 
to be responsible for band A. This is in agreement with Ferreira27 • 
The most significant result· obtained from cobalt was the 
reversible band frequency shift, observed when the catalyst was sub-
jected to the alternating conditions of CO admission and evacuation, 
see Figure 37. 
-1 
Thus to recapitulate : on evacuation,band B at 2181 cm, 
disappeared,and the low frequency bands were replaced by a narrower 
-1 
absorption having its maximum at about 2022 cm . The CO species giving 
rise to this latter band were very firmly held onto the catalyst surface, 
being unaffected by prolonged evacuation periods and also on heating at 
temperatures ~ 120 °c. However, on addition of a further aliquot of 
CO,the original spectrum was re-established, according to the equation: 
2060 + 2034 
evacuation) l 
2022. (General band positions, cm- .) 
excess CO 
- 159 -
The above result, and indeed the multiplicity of the band 
-1 
structure found above 2000 cm , cannot be adequately explained in 
terms of single linear CO groups adsorbed onto different crystalline 
sites as had been proposed earlier by others9 7 ,2 7 ,8 3 • The reasons 
for rejecting their hypothesis are given below. 
(1) The species responsible for the band found at 2022 cm-l was 
very firmly held onto the surface. This complies with the argument that 
the strong M - C bond results in a weakening of the C-0 bond and hence lowers 
the C - 0 frequency. Assuming that these strongly held ligands were 
then occupying sites of low coordination number, i.e., crystal edges 
or corners, it is very unlikely that the shift to higher frequencies 
can be considered as a redistribution of sites, i.e., to metal atoms 
lying in crystal lattice planes and which have a higher coordination 
number. A strongly held species would not move to sites where it 
would be less strongly held than before. 
(2) The high energy required to break a strong M - C bond, and 
then to establish a new single C - 0 species in which the M - C bond 
is weaker, cannot be attributed to the admission of low CO pressures 
( ~50 Torr) as would appear to be the case, especially as this bond 
was unaffected by more severe conditions such as evacuation or heating 
- 0 
to temperatures of 120 C. 
( 3) 
-1 By assigning the 2022 cm band mainly to CO adsorbed onto 
edge or corner sites, and the bands at 2060 and 2034 cm-l to CO on 
different crystalline planes, the spectra revealed that,under certain 
conditions.most plane sites remained vacant while edge and corners were 
occupied, and vice-versa. If this were so,then,the fairly high ratio 
of atoms adsorbed onto planes to that of atoms adsorbed on corners and 
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edges would be reflected by a marked difference in relative band 
intensities. This effect was not shown in the results. In fact, the 
opposite was observed, viz., the band at 2022 cm-1 was Slightly more 
intense than the other two instead of being less so as would be 
expected. 
Therefore, in view of the above, a new interpretation is 
proposed for the observed infrared spectra of CO chemisorbed on 
cobalt: 
The multipliaity and frequenaies of infrared bands given 
by aarbon monoxide ahemisorbed onto silica supported aobalt 
aatalysts aan be ex-plained in terms of the CO : metal ratio, 
whereas only their shape is dependent on faators suah .as 
ligand - ligand interaation, metal to metal distanaes, and 
the nature of the adsorption sites, e.g., planes, corners 
and edges. 
Therefore for CO on cobalt, the bands found above 2000 cm-l 
have been attributed to the species M (CO)Z' M (CO)Y' and M (CO)X 
corresponding to the frequencies 2060, 2034, and 2022 
-1 
respect-cm 
ively, and where Z > y > x ;pl, Thus the M - C bond strengths 
would be in the order M (CO)X > M (CO)y > M (CO)z. 
The interpretation can be applied to the infrared spectra 
of CO adsorbed onto other metals, e.g., nickel, which has been 
discussed in Section 5.2. The interpretation also includes bridging 
carbonyl structures, M2 CO, because the lower the CO frequency the 
lower the CO : metal ratio. All the experimental results can be 
adequately explained by this hypothesis, such as varying the CO 
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pressure, evacuation, temperature effects, and the influence of 
additional gases, e.g., hydrogen. However, before the evidence is 
presented, further discussion is required,which not only substantiates 
the points made on page 159, (1) to (3), but also favours this hypothesis. 
Within a system M-(CO) , any change in the value of n can be 
n 
described as an "internal" change and one which should greatly influence 
the relative bond strengths, M - C and C - O. On the other hand, 
influences on the bond strengths such as ligand-ligand interactions, 
metal to metal distances, and the nature of the adsorption sites can 
be described as being "external" to the system, and so it is reasonable 
to assume that their influence would be less marked than the former. 
The position of infrared absorption bands depends solely on the C - 0 
bond strength which, in turn, is mainly influenced by the M - C bond 
strength. This is the main argument to justify the assignment of band 
frequency positions and band shifts to changes in the value of n, or 
more correctly the CO : metal ratio. For example, the influence shown 
by the CO : metal ratios 1: 2 and l 1, i.e., between bridged and 
linear species, is demonstrated by the large differences observed in 
band positions, e.g., about 130 cm-l for CO on NilOl, 
Because the "external" forces must be much weaker~then their 
influence is not shown in the band positions or frequency shifts but 
by the shape of these bands. As a result of the large number of forces 
of this nature bands attributed to adsorbed CO are usually broad in 
appearance. 
The following results, given in Section 4.3.2., provided 
evidence to support the new interpretation : 
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(i) The reversible frequency shift, Figure 37, suggested that 
a reaction had taken place according to the equation 
M (CO)z + M (CO)y 
evacuation) 
excess CO 
A similar effect was observed by Soma-Noto and Sachtler89,in their 
studies of CO adsorbed on Pd and Pd - Ag alloys. 
(ii) Studies on the effect of band A on varying the CO pressure 
exhibited the expected equilibria : 
This was shown in result 4. 3 .• 2 ( c) , Figure 39, in which the shape of 
band A varied according to whether low (<10 Torr), medium (10-30 Torr), 
or high (>30 Torr) CO pressures were used. On increasing the pressure 
the peak at higher frequencies predominated while the low frequency 
-1 
peak at 2022 cm decreased in intensity. 
(iii) The effect on band A,at 2022 cm-1,on the addition of hydrogen 
was studied. Essentially the system then comprised of CO d plus · a s. 
excess H2. -1 Band A~at 2022 cm ,was observed to decrease slightly 
in intensity and exhibit a high frequency hump. This is shown in 
Figure 40, and can be explained in terms of the partial coadsorption 
of hydrogen with CO. Coadsorption, producing band A to shift to 
higher frequencies, was similar to that shown by the addition of a 
further aliquot of CO, see above. The effect suggests that back-
donation from the metal to a hydrogen atom had occurred.which reduced 
the TI bonding between the metal and carbon atom and thereby increased 
the C - 0 bond order and CO frequency. Although the spectra indicated 
that only a small proportion of H - M - CO species were formed,the 
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extent of the shift would be dependent on two competing factors : 
(i) the ability of hydrogen to accept d- electrons from the metal> 
and the effective d electron density required to maintain an M - H bond 
which can then be attributed to an M - H species in a chemisorbed state; 
an 1i (ii) the relative amounts of d electron density distributed between 
the M - H and M - C bonds within an H - M - CO species. Dalmon et azl38 
calculated the heats of adsorption for H2 and 0 on Co and Ni catalysts 
deposited on Si02 • They concluded that the 0 formed a surface oxide 
layer. Similarly, the results of the H - Ni system were also inter-
preted in terms of the formation of a surface hydride layer; but 
with H - Co this did not occur. The latter was attributed to the 
greater energy required to break down the ferromagnetic coupling 
between surface cobalt atoms. In any case, adsorption of hydrogen on 
cobalt was less strongly felt than on nickel, and this has been con-
firmed for both metals by the results given here. 
(iv) The loss of "activity" of a sample,characteristic of an ageing 
and/or sintering process,is shown in Figure 41. The shape of band A 
and its low frequency position suggests that the catalyst did not have 
the ability to form as many M (CO) species having high values of n as 
n 
would a fresh, less sintered catalyst. The frequency shift to lower 
wavenumbers on evacuation indicated a tendency to form bridged carbonyls 




Band A shifted to lower frequencies on increasing the temper-
-1 
Thus the peaks at 2060 and 2034 cm gradually disappeared, 
-1 
decreased in intensity, to be replaced by the peak at 2022 cm , 
which increased in intensity. This effect is best shown by the nickel 
results, 4.1 (2.1), but both sets indicated the gradual decrease in the 
- 164 -
value of n,until possibly a value of 1 was obtained. 
The sharp band, band B, found at a frequency of 2181 cm-; 
exhibited the same characteristics as had band B for CO on iron. 
Na~ely, it readily disappeared on evacuation at room temperatures, 
(result 4.3.2 (a)); it increased in intensity with an increase in CO 
pressure, (result 4.3.2 (c)); and decreased in intensity over the 
temperature range 25 - 180°C, (result 4.3.2 (b)). Therefore,the band 
was attributed partly to weakly chemisorbed CO,and also to some physi-
sorbed CO species. In addition, the chemisorbed CO species may well 
have been adsorbed onto cobalt oxide surfaces because it was very 
difficult to obtain well reduced samples. 
Methane was found to be the chief product formed by the 
interaction of adsorbed carbon monoxide and hydrogen on cobalt 
catalysts. Its formation, shown in Figure 33, on using the "thermal 
programme" only occurred at temperatures above the range 195 - 215°C 
(slightly higher than for nickel but lower than iron), and can be 
represented by an Absorbance-Temperature curve similar to that plotted 
for nickel, Figure 8. Methane could also be formed at temperatures 
0 
below 195 C>as shown by Figure 36. This result simply demonstrates 
that its formation is dependent on both time and temperature. 
Carbon dioxide was the only product given by CO alone on 
cobalt. No carbonyls were detected, contrary to that found with nickel. 
Occasionally trace amounts of C02 were produced when applying the 
procedures CO - H2 - bH and CO/H2 - bH. For the latter, C02 formation 
may well have proceeded via surface oxygen atoms,probably due to 
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incomplete reduction of the catalyst. Only trace amounts of ethane 
were found, detected by mass spectroscopy. This is shown by the 
fragmentation pattern in Figure 34. Therefore,cobalt's reduced 
"activity" with respect to chain propagation,relative to that 
exhibited by iron,confirms the observations made by K5lbel and 
Tillmet z1 s7. 
Strong evidence was provided to show that linear CO species 
were involved in methane formation, which was similar to that proved 
for nickel catalysts, Section 5.2. The rapid decrease in absorbance 
-1 0 
of band A at 2020 cm over the temperature range 125 to 215 C,given 
by the Absorbance-Temperature curve, Figure 38, on heating systems 
containing both CO and excess H2 , and the absence of such a decrease 
for the system containing only CO,confirmed that the species giving 
ris.e to band A was involved in methane formation. With only CO con-
tained in the system, band A decreased linearly over the range 115 to 
29o0 c, again shown in Figure 38. 
0 The low temperature range (125 - 215 C) observed for systems 
containing both H2 and CO did not coincide with the methane formation 
temperature of + 195°C,which was revealed in the reactor experiments, 
considering that the 'thermal programme' had been used for both sets 
of experiments. 
-1 
Compare the nickel results in which band B at 2030 cm 
decreased in intensity at temperatures above 190°C, a temperature 
corresponding closely with that of methane formation, 190 ± s0 c. Thus 
it appears that, within the range 125 - 195°C, an intermediate complex 
was formed between the adsorbed CO and hydrogen,which did not absorb in 
-1 
the frequency range 2300 to 1750 cm . The complex may well have been 
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of an enolic nature, i.e. H - C - OH as reported by Farrautol80 when he 
studied a nickel/alumina methanation catalyst. Balaji Gupta et azl81, 
who studied the interaction of Hz and CO on cobalt catalysts, also 
suggested that a complex of the type -C(H)OH was formed on the surface. 
Assuming this to be correct, the methanation process could be summarised, 
provided thermal programming conditions were used~ as follows: 
M - CO + Hz 
125°C 





It has been shown in Section 4.1 that from the interaction 
-1 
of CO and Hz on nickel catalysts, band B, at 2030 cm , decreased at 
a temperature which did coincide with the methane formation temperature 
0 of ~ 190 C. Possibly the intermediate complex formed on nickel was 
less stable, and the reaction rate for its conversion to methane was 
fast. This implies that,for nickel,the rate determining step was the 
formation of the intermediate. 
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APPENDIX 1. 
EXPERIMENTS ON THE RATE OF DIFFUSION OF 
CARBON MONOXIDE 
Test spectra were carried out in the absence of catalyst 
to examine the rate of diffusion of CO in relation to the various 
procedures applied in the reactor experiments. For convenience only 
vol. D of the vacuum line was used with vol. (D - C) comprising the 
10 cm path length infrared gas cell. At the start of each experiment 
vol. D was evacuated to a pressure of 10-6 Torr. A schematic 
diagram of the gas line is given in Figure 6. 
For the actual reactor experiments both reactant gases were 
e.dmi tted into the gas line so that, just prior to mixing, the line 
contained the following: 
(a) co in vol. (E C) and Hz in vol. C, for procedure CO - Hz - liH. 
(b) co in vol. (D C) and Hz in vol. C, for procedure CO/Hz - liH. r 
(c) Hz in vol. (E - A) and CO in vol. A, for procedure Hz - co - liH. 
This was then altered to give Hz in vol. (E - B) with CO in 
vol. B. 
These systems may now be compared with the test systems 
described below. 
1. 
With about 31 Torr CO pressure occupying vol. (D - C), the 
-1 
spectrum was recorded over the frequency range 2210 to 2010 cm This 
frequency range suitably covered the absorption band due to free CO. 
On re-evacuating vol. C to a pressure of 10-6 Torr, Hz was then 
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admitted and the stopcock opened between the two volumes. to allow 
mixir.g. The CO spectrum was recorded immediately and also at half-
hourly intervals thereafter. The procedure was repeated, maintaining 
an ir.itial CO pressure at 30 - 35 Torr in vol. (D - C), but varying 
thP. pressures and/or gas in vol. C prior to mixing. Also a 'blank' 
was recorded in which CO, previously held in vol •. (D - C), was then 
allowed to occupy vol. D. Prior to this step vol. C had been pre-
evacuated to 10-6 Torr. 
The results are given in Table 4. 
TABLE 4. 
Initial Initial Total pressure Absorbance Absorbance Standing 
CO pressure, Air or H2 after mixing CO band, CO band period, 
vol. (D-C), pressure Vol.D, Torr before after after 
Torr vol. C, Torr mixing mixing mixing, hr. 
31,5 lo-6 2 0,80 0,06 o, (nil) 
31,5 &' 84 78 0,78 1,02 o, (nil) 






31,0 Air, 62 59 0,74 0,92 o, (nil) 
0,68 0,75 





The results showed that on mixing CO with H2 or air, providing 
the pressure ratio CO : other gas was <l, an immediate increase in 
intensity was observed of the CO fundamental. This is analogous to a 
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pressure broadening effect. Thereafter the intensity decreased 
exponentially with an increase in time due to the slow diffusion 
rate of CO when in the presence of another gas. The 'blank' gave 
the expected decrease in band intensity, which occurred immediately 
on opening the stopcock, and corresponded closely to the relative 
volumes (D - C) : D of 1 : 15. 
2. 
A 'background' spectrum was first recorded over the same 
-1 
frequency range as before, 2210 to 2010 cm • H2 was then admitted 
into vol. (D - B) and the spectrum again recorded. With CO occupying 
vol. B the stopcock was then opened between these two volumes to allow 
mixing. The spectrum was recorded immediately and also at half-hourly 
intervals thereafter. Two 1blahks 1 or standard spectra were recorded 
for comparison. The first involved the admission of CO into vol. B at 
a known pressure. This quantity of C·O was then allowed to occupy vol. D 
and both the spectrum and new pressure was recorded. The second 'blank' 
simply involved the recording of 'background' spectra when vol. D was 
either evacuated to 10-6 Torr or occupied by a known amount of H2· 
These results are given in Table 5. 
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TABLE 5. 
Initial CO Initial Total pressure Absorbance Absorbance Standing 
pressure pressure in after mixing, CO band, CO band, period, 
in vol.B vol. (D-B), vol.D. before after after 
Torr Torr Torr mixing. mixing. mixing, hr. 
34 69 42 0,09 0,11 o, (nil) 
(H2) 0,29 0,5 
0,49 1 
0,56 1,5 
'Blank'l ... N 
50 10- 6 39 0,07 0,92 o, (nil) 




Once again the results showed the slow diffusion rate of CO 
on mixing with H2 • Whereas in the absence of H2 the CO pressure ratio 
of 50 : 39, observed by recording the spectrum immediately on allowing 
CO to fill vol. D, corresponds closely with the volume ratio D : B. 
'Blank' 2 confirmed that the H2 was not contaminated with CO, and 
neither did it produce any interference bands within the frequency 
range studied. even at relatively high pressures. 
The same procedure was adopted as for 1. An immediate 
increase was observed of the CO band intensity on mixing CO and H2· 
l 
This 'time, however, vol. ( D - C) was isolated from the line after 
allowing the gases to mix for only 1 min. The increase in band 
intensity was maintained even after a 1 hr. standing period. A 
further aliquot of H2, (previously occupying vol. C), was then 
allowed to mix with the contents in vol. (D - C) by opening the 
- 171 -
stopcock between these volumes and keeping it open. No immediate 
change in intensity was observed, the pressure broadening effect was 
not heightened, but an expected decrease was given on allowing the 
system to stand for l hr. This was due to the slow diffusion of CO 
from vol. (D - C) into vol. C. The fact that the band intensity 
remained unaltered on allowing the system to stand in the first 
instance provides further evidence to support the theory of pressure 
broadening. 




THE SILICA DISC REFERENCE. 
Test spectra were carried out on the silica disc reference 
to check instrument noise and drift levels when monitoring at a 
constant frequency for long periods, and also to ensure that the 
silica provided no interference fringes over the range of interest, 
-1 
(2300 - 1700 cm ). 
1. 
Three freshly prepared silica discs of varying thickness 
were placed ~n turn in the sample beam of the spectrometer and their 
-1 
spectra recorded over the frequency range 3000 to 1500 cm . A 
typical spectrum is given in Figure 42. Very little absorption 
-1 
occurred over the range 2600 to 2100 cm • At lower frequencies the 
silica was found to absorb strongly giving two maxima at 1860 and 
1635 
-1 
cm The two maxima did not shift in frequency relative to 
one another as the sample thickness varied. A frequency shift of 
this nature would have been indicative of interference 'fringes' 
which in turn would have caused errors in the observed spectra of CO 
on silica supported metal samples. 
2. 
A freshly prepared silica disc was placed in a 10 cm path 
length infrared gas cell fitted with CaF2 windows, and this cell 
evacuated to at least 10-3 Torr pressures. The disc was held in a 
brass sample holder similar to that used in the in situ cell and its 
dimensions are shown in Figure 3. With the cell placed in the sample 
beam of the spectrometer, the instrument was set to monitor at a 
-1 
constant frequency of 2056 cm • This frequency was chosen because 
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it coincided with that of band C for CO on Ni (Section 4.1.2), a 
band which occurred almost centre of the range of interest. 
After monitoring for a period of 16 hr. the 'noise' and 
'drift' levels were measured and found to be 1% and ± 1,5% Transmittance 
respectively. Both values were considered to be low enough and did 
not produce any unwanted interference. 
It was concluded that a silica disc, of comparable thick-
ness to the sample, provided a satisfactory reference in flattening 




Frequently the Perkin-Elmer 180 infrared spectrometer was 
calibrated in order to assess its performance. The tests carried 
out included: 
1. Baseline check, over the frequency range 4000 ·to 180 cm-l 
at 100 and 0% Transmittance. 
2. The recording of a spectrum of a thin polystyrene film. 
This was regarded as a 'spot' check. 
3. Frequency repeatability - precision. 
4. Abscissa accuracy. 
5. Resolution. 
Results for tests (3) to (5) inclusive were obtained 
by recording the spectra of gases, e.g., HCl, CO, C02, H20 , vap. 
NH 3, and CH4 , over specific frequency ranges and varying spectrometer 
cofiditions. 
It was found, at all times, that the instrument's perform-
ance was good and that the specifications given by the manufacturer 
were met. Two important criteria were abscissa accuracy and 
frequency repeatability. For these it was found that 




abscissa accuracy, over the range 2500 - 1000 cm was ± 0,25 cm 
-1 -1 
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